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For “Instructions to Authors” see page 5 
Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term which appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 
length. The formation of words by these letters or duplication 
of an accepted abbreviation, is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (eg. AMP-sulfate, 
acyl-AMP). It is suggested that abbreviated names be hyphen- 
ated throughout, even where the full name is not (e.g. glucose- 
6-P). Structural analogs of a given compound are not to be ab- 
breviated as if they were derivatives of that compound (e.g. 
the nicotinic acid analogue of DPN). Accepted symbols for ele- 
ments or radicals are recommended where applicable (e.g. 
glycero-P for glycero-phosphate, P-glycerate for phosphoglyc- 
erate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose-6-phosphatase ; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tzi- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof. Abbreviations for pteroyl-t-glutamic acid 
derivatives (but not the substance itself) may use PGA for the 
parent compound (e.g. PGA-H,; N*-formyl PGA-H,; hydroxy- 
methyl (or CH,OH-) PGA-H,). (Note that pteroyl-i-glutamic 
acid is one member of the class of compounds known collectively 
as the folic acids.) However, since PGA has also been used by 


some authors to denote phosphoglyceric acid or polyglutamic 
acid, it is essential that this abbreviation be defined in a footnote 
in each paper in which it is used. 

Accepted Abbreviations—The abbreviations in the list given 
below, may be used without definition. Other abbreviations 


should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (cf 
Biochem. J., 66, 8 (1957)): 


DPN (or DPN*), diphosphopyridine nucleotide and its 


DPNH reduced form 

TPN, TPNH triphosphopyridine nucleotide and its 
reduced form 

FAD, FADH; flavin adenine dinucleotide and its re- 
duced form 

NMN nicotinamide mononucleotide 

GSH, GSSG glutathione and its oxidized form 

CoA, acyl-CoA coenzyme A and its acyl derivatives 


(e.g. acetyl, ete.) 


AMP, GMP, IMP, the 5’-phosphates of riboxyl adenine, 


UMP, CMP guanine, hypoxanthine, uracil, cy- 
tosine 
’-AMP 3’-AMP (5’- the 2’-, 3’-, (and 5’-, where needed for 
AMP), ete contrast) phosphates of the nucleo- 
sides 
ADP, ete. the 5’(pyro)-diphosphates of adeno- 
sine, etc. 
ATP, ete. the 5’(pyro)-triphosphates of adeno- 
sine, etc. 
deoxy-AMP(dAMP, the 5’-phosphates of 2’-deoxyribosyl) 
dGMP, dIMP, adenine, etc. 
dUMP, dCMP, 
dTMP)* 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or P- represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 
RNA, DNA ribonucleic acid, deoxyribonucleic acid 
RNase, DNase ribonuclease, deoxyribonuclease 
UDP-glucose, UDP-ga- — diphosphate glucose, galactose, 

lactose, etc. 


For Diagrammatic pte of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequence as written (Ann. Rev. Biochem., 
16, 224 (1947)): 


Gly, Ala, Val, Leu, Ileu glyeyl, alanyl, valyl, leueyl, isoleucy], 
Pro, Phe, CySH, CyS-, prolyl, phenylalanyl, cysteinyl, half- 


Met, cystyl, methionyl, 

Try, Arg, His, Lys, tryptophyl arginyl, histidyl, lysyl, 
Asp, Glu, aspartyl, glutamyl, 

Asp-NH:, glutaminyl, asparaginyl, seryl, 


Thr, Tyr, 
Hylys 
These symbols should be separated from each other by periods 
(e.g. Gly.Val.Asp.Ser). Groups of residues of unknown se- 
* When it is necessary to used for deoxy, it should be so defined. 
The full prefix requires no such definition. 


Hypro, Threonyl, tyrosyl, hydroxyprolyl, hy- 
droxylysy] 
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4 Use of Abbreviations 


quence may be enclosed in parentheses and separated by commas. 
These abbreviations should be used only for amino acid residues 
in peptide linkage; never for the free amino acids, the names of 
which should be written out in full. 

(b) For the polysaccharides (J. Chem. Soc., 1962, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 


G,t Fru, Rib, deoxy- glucose, fructose, galactose, ribose, 
Rib (dRib), etc.* deoxyribose, etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acetyl derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosamine. Configura- 
tion symbols (I-, D-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 


Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 


(c) For polynucleotides of specific structure, the letter P to 
the left of the nucleoside initial indicating a 5’-phosphate; the 
letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, 
guanine,f etc.): 


pApG 5’-O-phosphory] - adenylyl - (3’-5’) - gua- 
nosine or guanylyl-(5’-3’)-adenosine 
5’-phosphate 

ApGp adenylyl-(3’-5’)-guanosine 3’-phos- 
phate 

ApG-cyclic-p adenylyl-(3’-5’)- guanosine 2’:3’-phos- 
phate 

for polydeoxyribonucleotides:* 

d-pApGpT 


deoxyguanyly] - (3’- 5’) -deoxythymi- 
dine, or deoxythymidylyl-(5’-3’)-de- 
oxyguanylyl - (5’-3’) - deoxy - adeno- 
sylyl 5’-phosphate. 


t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957). 


Units of Measurement 


Units of Mass 
kilogram 


gram 
milligram 
microgram 
millimole 
micromole 

Units of Concentration 
molar (mole / liter) M 
millimolar mM 
micromolar 

Units of Length, Area, Volume, etc. 


meter m. 
centimeter em 
millimieron mu 
Angstrom (10 em.) A 
square centimeter em 
cubic centimeter ce., 
liter J. 
milliliter ml. 
microliter pl. 
sedimentation coefficient 8. 
sedimentation coefficient in water at 20°, 

extrapolated to zero concentration 8070 w 
Svedberg unit of sedimentation coeffi- 

cient (10~" sec.) 8 
diffusion coefficient (usually given in 

em. / see.) 


Spectrophoto metric Units 
A = Absorbance = logio (1/7) = logio ([o/1) where T = 
transmittance, Jo = intensity of radiation entering the 
medium, J = intensity after traversing the medium. 
(The term “absorbance” is preferred to “optical den- 
sity.’’) 
€ = molecular extinction coefficient = AM/be where M is 
molecular weight, ö is cell length in centimeters, and c 
the concentration in grams per l. 
Equilibrium and Velocity Constants 
Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in moles per liter; for instance, for the reaction Mg. + ATP“= 
MgATP*,, the association constant is: K = (MgATP*-) /(Mg**) 
(ATP*-); (in units of 


If other units of concentration are employed, they should be 


clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec. (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in m~ sec. 1. 

The term milligram per cent (mg. % should not be used. 
Weight concentrations should be given as gm. per ml., gm. per 
100 ml., gm. per l., etc. 
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a kg. e 
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Instructions To Authors 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly, it is important that all contri- 
butions should be carefully examined before being submitted, to 
make sure that they conform as closely as possible to the following 
instructions. | 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should be 
submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and laboratory slang' should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The forms of spelling and abbreviation used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on “Use of Abbreviations” on pages 3 and 4. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see “Use of Abbreviations.” 

Separate sheets should be used for the following: (a) title, (b) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, () legends for fig- 
ures, (g) tables, and (q) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (b) Experimental 
Procedure (or Methods), (c) “‘Results,’’ (d) Discussion, (e) 
Summary, (f) Neſerences. The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude with a brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘‘unpub- 
lished experiments, personal communications,” etc., must be 
made in footnotes, and not included in the References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words in press. 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 
and identified as such, either in the text or in a footnote near the 


beginning of the paper. 
Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 
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should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 84 X 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with à request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall,narrow draw- 
ings should be avoided, as should also low wide drawings. Curves 
that can be placed on one chart without undue crowding should 
not be given in separate charts. The drawings should be made 
on Bristol board, blue tracing cloth, or on coordinate paper printed 
in light blue. Mounting on heavy cardboard is undesirable. Pho- 
toengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be 
submitted whenever possible. If it is necessary to submit photo- 
graphic prints because of the excessive size of the originals, these 
should be carefully prepared. All parts of the chart should be in 
even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversize orig- 
inal drawings are submitted, a sel of small photographic prints must 
also be included for the use of Referees. A duplicate set of figures 
must accompany the carbon copy of the manuscript. These need 
not be of the same quality as the original figures intended for pub- 
lication, but must be clear and legible for the use of Referees. 

All charts should be ruled off on all four sides close to the area 
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occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. Black India ink should be used throughout. Letters and 
figures should be uniform in size and style and large enough so 
that no character will be less than 1.5 mm. high after reduction. 
As a rule, the printed figure is one-half or one-third the size of the 
original drawing, but oversize drawings must be reduced still 
further. Drawings which contain letters or characters which do 
not permit of such reduction must be returned to the authors with 
a request that the size of the lettering be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw- 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
or in the legend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X, O, 0. Q. . A, A. D). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of top.“ 
Each figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Proof - Reading 


Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of iext made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
trivial changes will not be accepted by the Editor. Newly ob- 
tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a note added in proof” can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 

The Williams & Wilkins Company 
Mount Royal and Guilford Avenues 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The cost of such 
reproduction is many times greater than that of reprints printed 
from the original type. 
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doing column chromatography? 


if it’s resolution you're after. , which sampling is 
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10 fractions of 20 cc each or 200 fractions of 1 cc each? 


Breck a given volume into many small fractions, rather 
then a few large ones, ond you're bound to get sharper dif- 
ferentiation, higher resolution. 

Stands to reason . . . but how? The manvol “bird-watching™ 
method is tedious enough for a dozen-or-so collections: down- 


tions either by time-flow, or, if utmost resolution is required, by 
drop count. Either way, oll you have to do is mount the prepared 
column on the machine, set it for the desired number (up to 200) 
of somples of whatever volume you wish (from a single drop 
up to 28 cc). Then start it and go away. 

Come back hours loter (or next morning) and find the job 
oll done. Excess motericl beyond that required for the experi- 
ment is automatically diverted to waste when the machine turns 
itself off on completion of the collection. 
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ANNOUNCING 


Nuclear-Chicago’s new 
radiochemical program 


Offering “Research Quality” radiochemicals 
and a new concept of customer service. 


161 Carbon-14 Compounds in license exempt 50 yc. packages 


Qual As 


Carbon- 14 package sizes carried in stock 
Guaranteed shipment within 24 hours of order by PREPAID air express 


42 New Carbon-14 Compounds 
Including labelled steroids at high specific activity, low cost 


47 New Sulfur-35 Compounds 


35 New Phosphorus-32 Compounds 


Ps: Write for complete Radiochemical Price 
Schedule C listing guaranteed delivery 
and quantity discounts of each com- 
pound. Available also on request, new 
64 page Catalog Q, covering Nuclear- 
Chicago’s newly-designed line of preci- 
sion radiation measuring instruments. 
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568A“ REACTION APPARATUS 
1. PJ-124 


This apparatus can now be furnished with round bottom 
flasks in capacities up to 33 liters. The special, removable 
cover plate has five standard taper joints to receive the 
condenser, ** Adjustatherm’’ thermometer (0-250 C.), 
stuffing box with heavy-duty stirrer, separatory funnel, 
and gas inlet tube. The entire unit, except for the stand 
and clamping assembly, is made of Pyrex brand glass. 


Easy to assemble and disassemble. 
-1290-2 Westing Mantle ease 1 


2. C-6648X “B&l” SPECTRONIC COLOR ANALYZER 


Whether your color problem is maintaining close color toler- 
ances of incoming materials, working up new formulac, match- 
ing colors, or analyzing materials that visually fail to mect 
color specifications, this instrument fills the bill. You can 
change from reflectance work to colorimetry or spectropho- 
tometry, or vice versa, in minutes. It provides extremely accu- 
rate scale readings in percent reflectance of many products. 
Trichromatic Chart permits quick, simple conversion to world 
standard C. ILE. values. Send for bulletin JBD-290. Price com- 
plete, as illustrated, including 50 charts, for 115 volt, 60 cycle, 


NOTE: The Reflectance Attachment 
ent “Spectronic 20” at — — No. SLi. 3X). 


3. €-4083X “‘HI-SPEED”’ CENTRIFUGAL CHROMATOGRAPH 


Instead of hours, or even days, this new Chromatograph completes 
separations in minutes! Multiple samples can be run simultaneously. 
Both one-dimensional and two-dimensional work can be performed. Aah 
Operation is simple. And, you also save valuable space. The Hi- — 
Speed handles paper up to 32 cm. in diameter, speeds are adjustable igh 
from 300 to 1550 rpm., and the solvent flow rate is held to less than 
1 ml. per minute. Bulletin JB-602 sent on request. Price (complete as 
shown) for 115 volt, 60 cycle, o.5 amp. including 100 sheets of 32 
cm. Whatman # 1 filter paper. 


SCIENTIFIC GLASS 


* 
‘ 
+ 28 
“ 
45 
F 
* 
* 
4 
— 
* 4 * 
. 
ay 
— 
et 
12 
* 
¥ 
VA 


The Journal of Biological Chemistry 


new 1958 


Write for this 


GBI Catalog 


This useful 56-page catalog contains a comprehensive list of special prod- 
ucts for biological, bacteriological, microbiological and biochemical re- 
search. Its use will save vou time, trouble and money in securing needed 


items quickly. 


Among the many products listed are: 


AMINO ACIDS, PEPTIDES AND RELATED 
COMPOUNDS 
CRYSTALLINE VITAMINS 

for reference standards and diet supplements 
VITAMIN SUPPLEMENTS 

for dietary studies 
CARBOHYDRATES AND RELATED 


for chemical and bacteriological investiga- 
tions 
Acids and derivatives 
Alcohols and derivatives 
Monosaccharides, Aldoses, Ketoses and 
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Disaccharides and Trisaccharides 
Polysaccharides 
ADENYLATES, NUCLEATES, PURINES AND 
PYRIMIDINES 


ENZYMES 

for fermentation, hydrolysis and oxidation 
HORMONES, STEROLS AND HORMONE 
INTERMEDIATES 

for functional studies and synthesis 
LIPIDS 

for special research 
INDICATORS, REAGENTS AND STAINS 

for biological staining techniques 
RESEARCH CHEMICALS 

for special procedures and nutritional inves- 

tigation 


MICROBIOLOGICAL MEDIA AND 
INGREDIENTS 


for standard procedures for B-complex vita- 
mins, amino acids and bacterial nutrition 
studies 

TEST DIETS AND INGREDIENTS 
for preparing special test diets, vitamin 
assay and research 
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SUPERIORITY 


Highest Specific Activity 
Lowest Cost 
Anatytically Pure 
Exhibits Complete Microbiological Activity 


MEVALONIC ACID 


HOCH,CH,C—C”“H,—COOH 
O 


N. N’ dibenzylethylenediamine salt 


$990.00 per millicurie 
99.00 per 100 microcuries 
76.00 per SO microcurie EQ-Pak* 


generous discounts for quantities over 1 millicurie 


For complete information on Tracerlab radiochemicals and technical 
services write for new 3rd Edition of Radiochemical Catalog 


*Exempt Quantity Package, © 1958, Traceriab inc., No A. E. C. License Required 
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the Canadian Standards Association, this 
Size 2 Model EXD Centrifuge has 

proof % hp motor, control housing and 


— + So, it’s safe for use in all 
Class 1 Group D a This model 
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infectious materials! 


INTERNATIONAL 
SEALED ACCESSORIES 


Developed for the U.S.A erm iy» 
Warfare —— Fort Det ick, Ma 
ond 
or cen s 
con na centrifuge su . 
New, — line includes cushioned 
Duralumin cups and stainless steel shields 
with air-tight screw-on covers for holding all 
standard centrifuge bottles and tubes. 


its problem-solving experience since 1901, has 
uges and Accessories for better, faster and safer 


uge accessory equi 
IEC seal of quality and is carefully overload 
There is no finer combination than genuine International accessories 
in an International Centrifuge. 


International = Equipment Co. 


. . 
What is your special centrifuging problem? 
: International, with 

created new Centri 


~ 


f= 
1 


An instrument for every delivery 
with built-in accuracy, long li 


Now KIMBLE OFFERS a wide range of pipetsfromthe easy to read. Tips are ground to resist 
—— to the smallest . . from tips — openings gauged for correct delivery 
“hard” they add the ruggedness of 


glass to the craftsmanshi accuracy 
ve long characterized Kimble ls laboratory 


that ha 
glassware. Kimble Glass Company, your most comp 
inspected for 


—— for 
— — — source 
14 


€ 
— 4 
* 
st 
„ 
: 
| 
— 
> 
P 
e 
| 
| 
11 
and ot 
bia 


glass pipets 


— * 


.. 


« 


| — ñ — 2 


Spe 


et 
— 
¥ é 


“> 
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CAPILLARY MELTING POINT 
APPARATUS 


¢ Completely self-contained, with bath unit 
totally enclosed for safety 


e Built-in capillary vibrator to insure 
uniform packing of sample 
e Lagless heat transfer for 


Developed by Dr. John R. E. Hoover, of Phila- ing uniform packing of sample in the capillary. 
delphia, for determining with ease and accuracy Instrument is housed in 
capillary melting points in accordance with official thermometer protected by metal guard. | 
"Consisting of oil bath with electric stirrer, light-  sazembly, including stirrer and thermometer, can 
weight heating element controlled by autotrans- on 
former, built-in capillary vibrator, etc., combined 
in a single sturdy unit. 

The lightweight heating coil offers the advantage 
of rapid response to changes in input voltage. This 
permits heating the bath rapidly to within a few Showing bath unit 
degrees of the anticipated melting point and then (lifted out of the 
quickly reducing the heating rate to raise slowly the cabinet for re 
temperature until melting occurs. The bath may ino bath liquid, etc. 
then be cooled rapidly for the next determination 
by attaching the laboratory compressed air line to 
the fitting provided. 

A standard 100 ml beaker of borosilicate glass 
is used as the melting point bath, eliminating 
replacement of costly custom glassware in the event 
of breakage. The bath is protected from dust and 
air currents by being completely contained within 
the instrument case. Observation of the melting 
point is facilitated by the ifier and adjustable, 
self-contained lighting. Oil bath is stirred by an 


electrically driven stirrer with speed controlled heated, 

from instrument panel. Provision is made for run- scribed, complete with thermometer — 10 to 360°C, colibra- 

ning as many as five samples simultaneously. tion standords, rate calibration chart, 3 oz. — 
A unique feature of the apparatus is a built-in — 

capillary vibrator which permits the capillaries to — “17008 

be violently and uniformly, thereby insur- 
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Metabolic Adaptations in Higher Animals“ 


III. QUANTITATIVE STUDY OF DIETARY FACTORS CAUSING RESPONSE IN 
LIVER GLUCOSE-6-PHOSPHATASE 


R. A. FrReEeEpDLAND AND A. E. Harper 


From the Department of Biochemistry, University of Wisconsin, Madison, Wisconsin 


(Received for publication, January 24, 1958) 


It has been shown that complete removal of a direct glucose 
source from the diet causes a rapid rise in liver glucose-6-phos- 
phatase activity in the rat (1). This increase in G-6-Pase' ac- 
tivity appears to be an adaptive response to the lack of dietary 
glucose and to be related to the increased need for the rat to 
depend upon gluconeogenesis as a source of glucose under these 
conditions. However, when rats were fed for longer periods of 
time on diets in which either fat or protein had been substituted 
for dextrin? (direct source of glucose), G-6-Pase activity, after an 
initial rise, began to decline. The fall continued until there was 
little or no difference between the G-6-Pase activity per unit of 
body weight of rats fed on diets containing dextrin and that of 
those receiving diets in which fat or protein had been substi- 
tuted for the dextrin (2). This effect was considered to be a 
result of secondary adaptations. It was then of interest to de- 
termine the minimum level of a direct source of glucose in the 
diet which would just prevent the initial increase in G-6-Pase 
activity in rats consuming high levels of fat or protein. 

An increase in G-6-Pase activity is also observed when certain 
carbohydrates are substituted for dextrin in the diet of rats (2). 
Since with some carbohydrates no evidence of secondary adapta- 
tion was observed, it seemed probable that there was a continuous 
need for these carbohydrates to be converted to glucose in the 
liver. It was also of interest, therefore, to determine the lowest 
level of these carbohydrates in the diet which would cause a rise 
in G-6-Pase activity. 


EXPERIMENTAL 


Animals and Diets—Male Sprague-Dawley rats were used in 
all experiments. In order to compensate for any lack of uni- 


* Published with the approval of the Director of the Wisconsin 
Agricultural Experiment Station. Supported in part by grants 
from the Research Committee of the Graduate School from funds 
provided by the Wisconsin Alumni Research Foundation, and 
from the National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health, United States Public Health Serv- 
ice. The crystalline vitamins were kindly supplied by Merck 
Sharp and Dohme Research Laboratories, Rahway, New Jersey. 

The abbreviations used are: G-6-Pase, glucose-6-phosphatase ; 
G-6-P, glucose-6-phosphate; liver G-6-Pase activity, G-6-Pase 
activity per gm. of liver; G-6-Pase activity per unit of body 
weight, total liver G-6-Pase activity times 100 divided by the body 
weight; specific activity, liver G-6-Pase activity per gm. of liver 
protein; relative liver weight, weight of the liver times 100 divided 
by the body weight. 

? Dextrin is the term used to describe the product obtained by 
heating moist cornstarch for 3 hours in an autoclave at 121°. 


formity in the previous dietary history, they were fed the control 
diet for 3 days before being offered the experimental diets. All 
rats were fed ad libitum and all groups, except those receiving 
galactose in the diet, readily accepted the various diets. The 
composition of the basal diet was described previously (1). Any 
changes in this are indicated in the text. 

Assay Procedure—The rats were killed 1, 2, and 4 days after 
being given the experimental diets, except in the experiment in 
which the rate of adaptation to a high protein diet was studied. 
In this experiment they were kept on the diets for 10, 11, and 12 
days after the start of the experiment. The livers were carefully 
and completely removed, weighed, and placed in ice. A portion 
of the chilled liver was weighed on a torsion balance to the near- 
est milligram and homogenized at 0-4° in 40 volumes of 0.1 M po- 
tassium citrate buffer, pH 6.5. The homogenate was filtered 
through cheesecloth and the filtrate was used for the G-6-Pase 
assay and determination of protein. Another accurately weighed 
portion of the liver was used for the determination of glycogen 
(3). A portion of the homogenate was diluted for the determi- 
nation of protein (4). For the G-6-Pase assay 0.1 ml. of 0.06 M 
K,G-6-P, pH 6.5, was added to 0.1 ml. of the homogenate, both 
of which had been preincubated at 37.5° for 5 minutes. After 
incubation at 37.5° for 15 minutes the reaction was stopped by 
adding 2 ml. of 10 per cent trichloroacetic acid. The activity 
was estimated by measuring the amount of inorganic phosphate 
released (5). These assay conditions produced zero order ki- 
netics for values up to twice the greatest values reported. 


Results 


Enzyme Unit—The amount of enzyme which causes the re- 
lease of 1 umole of inorganic phosphate from G-6-P in 1 minute 
at 37.5° and pH 6.5 is defined as 1 unit of G-6-Pase. Values of 
G-6-Pase activity per gm. of liver, per 100 gm. of body weight, 
and per gm. of liver protein are given either in absolute units or 
as a percentage of the control values. Standard errors are in- 
cluded for the G-6-Pase activity per unit of body weight. 

For the following experiments it was necessary to demonstrate 
that G-6-Pase activity was unaffected by the substituion of dex- 
trin for glucose in the diet. Examination of Table I shows that 
the values for G-6-Pase activity per unit of body weight, for liver 
G-6-Pase, for specific activity, and for relative liver size were the 
same whether the diet contained dextrin or cerelose (glucose 
monohydrate). Therefore dextrin was used in subsequent ex- 
periments as a direct source of glucose. 

The values for G-6-Pase activity of rats fed on diets contain- 
ing various levels of dextrin are shown in Table II. The re- 
mainder of these diets, except for the 5 per cent of fat and 5 per 
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Taste I the control value on the Ist day to about 114 per cent on the 
Effect of using dertrin as a source of glucose 2nd day; this increase is also typical of the adaptation ob- 
in the diet on liver G-6-Pase served previously (2) in rats fed on high protein diets. By the 
4th day G-6-Pase values for all groups receiving 20 per cent 
8 9961 8 or more of dextrin in their diets were lower than those for the 
Carbohydrate control group. The relative liver sizes were about the same on 
| Unite’ | gniliver | gm body the 4th day as on the 2nd day. 
— — | — The results in Table III show the effects of two levels of dex- 
: . trin on the primary and early secondary G-6-Pase adaptation in 
a ei ~ A ap — — . rats fed on diets containing 25 per cent of casein, 5 per cent of 
salts and vitamins, and the remainder, except for the dextrin, 
* Standard error of the mean fat. The feeding of a high fat diet which contained 40 per cent 
Taste II 
Effect of various levels of dextrin in high protein diets on liver G-6-Pase* 
G-6-Pase activity 
Control values Ist day 2nd day 4th day 
Bodyt Livert Sp. act.“ RLSt Body Liver | Sp.act. RLS Body Liver Sp. act. RLS 
Average numerical control | 
Uo ĩĩ (( 72 15.5 85 4.7 71 15.5 83 4.6 71 15.6 87 4.6 
65% Dextrin (control) 100 + 31 100 100 | 100 100 + 3 100 100 | 100 100 + 3 100 100 | 100 
„„ 135 + 8 134 124 | 104 117 118 4 7 9 106 119 
10% Dextrin................ 137 + 6 | 131 124 | 102 111 120 + 1 102 106 117 
..... 124+ 2 128 128 96 119 + 5 | 104 116 120 93 8 78 108 
30% Dextrin................ 103 + 2 100 103 102 115 & 3 9 100 123 8222 69 62 | 118 
DDr 100 + 3 97 96 | 100 %+3 88 86 | 102 8 & 1 74 59 | 107 
36% Dextrin................ 9%+3 89 86 | 104 87 & 1 81 82 | 109 9329) 78 63 | 113 


* All values, except the average numerical control value, are reported as a percentage of the control values. Average numerical- 
control value is the average of all control animals, 21 animals per value, reported in absolute units. Each value represents the re, 
sults from three animals, except the control values which represent the results from seven sets of three animals. 

t The following abbreviations are used: Body, G-6-Pase activity per unit of body weight; Liver, liver G-6-Pase activity; Sp. act. 


specific activity; RLS, relative liver size. 
t Standard error of the mean. 


cent of salts and vitamins, was made up of protein (casein). 
Since the secondary adaptation (2) takes place rapidly in rats 
fed on high protein diets containing 20 per cent or more of dex- 
trin, only Ist day values were used in estimating the minimum 
amount of dextrin needed in the diet to prevent the primary 
G-6-Pase response. Evidence of secondary adaptation, a drop 
in G-6-Pase activity, was very noticeable by the 4th day of 
the experiment in the high protein groups but very slightly or 
not at all noticeable on the 2nd day; therefore, it is unlikely 
that the secondary adaptation is of significance on the Ist day 
of the experiment. This is further indicated by the failure of 
the liver size of rats consuming the high protein diet to increase 
on the Ist day. It can be seen that the ingestion of diets con- 
taining 20 per cent or less of dextrin caused a significant increase 
in G-6-Pase activity over that of the control animals regardless 
of the method of calculation. With 36 per cent of dextrin in the 
diet, a slight but not significant decrease below the control 
values was observed. The results obtained on the 2nd day of 
this experiment were similar to those obtained in a previous 
study (2) in which the G-6-Pase activity of rats fed on high- 
protein carbohydrate-free diets, after an initial rise, began to fall. 
The 2nd day value for G-6-Pase activity per unit of body 
weight of the group receiving the 30 per cent dextrin diet is the 
only one out of line. The average relative liver size of the groups 
receiving the high protein diets increased from 101 per cent of 


of dextrin prevented all signs of the primary G-6-Pase adaptation 
The values observed were essentially the same as those for the 
control animals. The feeding of a high fat diet containing 30 
per cent of dextrin caused a primary G-6-Pase adaptation like 
that seen in rats receiving a high fat, carbohydrate-free diet (2); 
an increase in G-6-Pase activity per unit of body weight, liver 
G-6-Pase activity, and specific activity as well as a decrease in 
relative liver size. These increases in G-6-Pase activity were 
significant but were not as large as those observed with rats fed 
a high fat diet completely free of carbohydrate. 

There were no signs of the secondary adaptation during the 4 
days of this experiment as shown by the fact that G-6-Pase ac- 
tivity per unit of body weight was constant within this time. 
There were no appreciable changes in liver G-6-Pase activity or 
specific activity during the 4 day period, except that on the sec- 
ond day the values for the group receiving 40 per cent of dextrin 
were somewhat high, apparently because of a decrease in relative 
liver size. 

The effect on G-6-Pase activity of feeding various levels of 
fructose (added as sucrose) in diets containing 25 per cent of 
casein and 5 per cent of fat is shown in Table IV. Any decrease 
in the amount of fructose in the diet between levels of 40 per 
cent and 3 per cent resulted in a decreased G-6-Pase activity per 
unit of body weight, per gm. of liver and per gm. of liver protein. 
Feeding 6 per cent or more of fructose in the diet produced a 
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Taste III 
Effect of various levels of dertrin in high fat diets on liver G-6-Pase* 
G-6-Pase activity 
Diet Ist day 2nd day 4th day 
Body* Liver“ Sp. act.*} RLS* Body Liver Sp. act. RLS Body Liver | Sp.act.| RLS 

100 = 34 100 100 100 | 100+ 53 100 100 100 100+ 3 100 100 100 
30% Dextrin................ 116 + 3 130 118 91 120 4 9 129 126 92 1424) 116 115 106 
40% Dextrin................ 101 + 2 104 96 9 101424); 111 113 92 99 KX 3 101 97 98 

* See footnote under Table II. Average numerical control values are the same as in Table II. 

Standard error of the mean. 

Tast IV VI 


Effect of various levels of fructose in the diet 
on Liver G-6-Pase 


Effect of high protein, carbohydrate-free diet on G-6-Pase response of 
rats previously fed a high protein diet containing dertrin* 


G-6-Pase activity Liver glycogen 
100 Units’ Units * 
nits/ | — nits, gm. 3 
Control 100 + 2˙ 100 100 2.7 + 0.1 
45 182 + 6 155 10 
30 173 * 4 150 150 
20 141 + 6 124 141 
10 118 + 3 113 116 
6 110 + 4 101 110 4.6 + 0.2 
3 105 + 3 104 109 3.7 + 0.5 
* Standard error of the mean. Each value is the average of 


nine animals. All values, except liver glycogen, are reported as 
a percentage of the control values. 


Taste V 


Effect of various levels of galactose in the diet 
on liver G-6-Pase 


G-6-Pase activity 
— 
Control 100 + 2° 100 | 100 
15 106 + 3.5 105 | 105 
25 4% + 3.2 91 93 
35 % + 1.3 103 | 102 
45 108 + 3.8 110 | 109 
50 112 + 1.6 116 121 
55 117 + 3.2 121 | 117 
60 121 + 3.1 132 | 132 


* Standard error of the mean. Each value is the average of 
nine animals. All values are reported as percentage of the con- 
trol values. 


primary G-6-Pase adaptation. There was no indication of a 
secondary adaptation in any of the groups receiving fructose in 
the diet; this was expected since rats receiving high fructose 
diets failed to undergo a secondary adaptation even in a long 
term experiment (2). 

The effect on G-6-Pase activity of feeding various levels of 
galactose in diets containing 25 per cent of casein and 5 per cent 
of fat is shown in Table V. There was no indication of a G-6- 
Pase adaptation until the diet contained 45 per cent or more of 


G-6-Pase activity 
Uni 
“weight om. liver | “weight 
Control....... 12 73 + 2.4 15.5 85 4.7 
(100 + 3) (100) (100) 
Experimental 
group....... 12 | 8+1.8 | 13.8 71 6.1 
(115 + 2) (89) (84) 


* See text for feeding procedure. 
Standard error of the mean. The values in parentheses are 


reported as a percentage of the control value. 


galactose. All groups showed an increase in G-6-Pase activity 
with each increase in the galactose content of the diet from 35 
to 60 per cent. The increase in the G-6-Pase activity over that 
of the controls was significant when 50 per cent or more of the 
diet was galactose. There were no signs of secondary adapta- 
tion in any of the groups that were fed diets high in galactose. 

Table VI shows the effect on G-6-Pase activity of feeding a 
20 per cent dextrin high-protein diet for 3 days, then changing 
to a 10 per cent dextrin, high protein diet for 3 days, and finally 
transferring the animals to a carbohydrate-free, high protein 
diet. After rats had received the carbohydrate-free, high pro- 
tein diet for an average of 5 days after the above treatment, the 
values for G-6-Pase activity per unit of body weight, liver G-6- 
Pase activity, and specific activity were generally similar to those 
observed in rats receiving a carbohydrate-free, high protein diet 
for 15 days. The G-6-Pase activity per unit of body weight was 
significantly less than that of rats receiving the carbohydrate-free, 
high protein diet for 12 days (2). 

DISCUSSION 

The primary G-6-Pase adaptation in rats receiving high protein 
or high fat diets can be prevented if sufficient dextrin is added 
to the diet. The inclusion of 30 to 33 per cent of dextrin in a 
high protein diet prevented the primary adaptation, whereas 40 
per cent of dextrin was required in the high fat diet to give the 
same result. Since animals eat primarily to meet their caloric 
needs (6), the level of dextrin may be better represented as 
caloric per cent of the diet. With both the high protein and the 
high fat diets, 31 caloric per cent of dextrin prevented the pri- 
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mary G-6-Pase adaptation. Since rats on the high protein and 
the high fat diets had approximately the same caloric intake and 
since the diets contained the same caloric per cent of dextrin at 
the point where the primary adaptation failed to occur, the ab- 
solute intake of a direct source of glucose at that point was essen- 
tially the same for both groups. This may well be the amount 
of glucose needed in the diet under these conditions to maintain 
blood glucose and to satisfy other body functions without 
unduly stimulating gluconeogenesis. Any lesser amount of 
glucose in the diet would appear to create a need for the syn- 
thesis of additional glucose as evidenced by the primary G-6-Pase 
adaptation. Thus, using an indirect method, that of measuring 
the minimum amount of dietary glucose which will just prevent 
a G-6-Pase response, the amount of glucose needed for direct 
use, as such, in the body has been estimated. 

The rapid decrease in the specific activity of G-6-Pase with 
time in the animals on the high protein diets indicates that other 
liver proteins are being synthesized more rapidly than G-6-Pase. 
In all experiments using high protein diets, there was a decrease 
in liver G-6-Pase activity on the 2nd and 4th days, but owing 
to an increased relative liver size the total liver G-6-Pase activity 
remained constant in some of the experiments. 

The liver G-6-Pase activity and the specific activity of rats 
maintained on the high fat diets remained fairly constant 
throughout the 4 days. This lack of change in the proportion 
of G-6-Pase to other liver proteins, indicated by the constant 
specific activity, can be related to the much slower secondary 
adaptation (2). Even on the 4th day there was no evidence 
of secondary adaptation in rats fed the 30 per cent dextrin high 
fat diet; whereas with rats fed the 20 per cent dextrin high 
protein diet, which produced comparable Ist day G-6-Pase 
values, there was marked evidence of secondary adaptation by 
the 4th day. 

The response to fructose seems to be specifically caused by the 
presence of fructose in the diet rather than by a decrease in the 
supply of glucose. When as little as 6 per cent of fructose was 
included in the diet, despite the presence of over 58 per cent of 
glucose, there was a primary adaptation. The response to galac- 
tose, on the other hand, appears to be due to a diminution in 
the supply of glucose rather than to a specific effect of galactose. 
However, it has been shown that the absorption and the utili- 
zation of galactose decrease as the amount of galactose in the diet 
is increased (7); therefore, calculations based directly on propor- 
tions in the diet may not give an accurate picture in this case. 
It has also been observed that the conversion of blood galactose 
to glucose is much slower than the conversion of blood fructose 
to glucose (8). If the utilization of galactose is considered 
negligible and the galactose in the diet is considered inert, then 
the primary G-6-Pase adaptation in rats fed the high galactose 
diets becomes evident when the caloric per cent of glucose in the 
diet falls to between 28.5 and 37.5 per cent, or in about the same 
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range as was observed for rats fed the high protein and the high 
fat diets. However, there also appears to be some specific effect 
of galactose because no evidence of secondary adaptation was 
observed in these groups, whereas if only the proportion of dex- 
trin to protein had been important the secondary adaptation 
should have been very rapid. 

Fructose ingestion has been reported to increase liver glycogen 
depostion (9), and it may be noted that in the present study 3 
per cent of fructose in the diet increased the glycogen somewhat 
above the control values and 6 per cent of fructose in the diet 
caused a significant increase in liver glycogen. There was no 
sign of secondary adaptation in the animals receiving diets con- 
taining fructose; this is in line with previously reported results 
(2). The effects of fructose may be mediated through hormones, 
as other changes in metabolic behavior which can be brought 
about by hormone treatment have been noted when fructose is 
administered (10). 

The speeding up of the secondary adaptation by using 20 per 
cent of dextrin, 10 per cent of dextrin, and finally a carbohydrate- 
free diet may be due to the more ready availability of glucose 
for energy, thus allowing the secondary adaptations to take 


place more rapidly in the peripheral tissues. Under these con- 


ditions the primary liver G-6-Pase adaptation would not be as 
necessary as when the animals are placed directly on a carbo- 
hydrate-free diet and the demand upon the liver for energy and 
protein should not be as great. The technique of speeding up 
the secondary adaptation may be very useful in studying the 
changes that have occurred when the secondary adaptation is 
complete. 


SUMMARY 


1. Rats fed a diet in which protein, fat, fructose, or galactose 
is substituted for glucose show increased liver glucose-6-phos- 
phatase (G-6-Pase) activity (primary adaptation). This adapta- 
tion to a reduced supply of glucose occurred in rats fed a high 
protein diet containing less than 30 per cent of dextrin but failed 
to occur if the dextrin content of the diet was 30 per cent or more. 

2. Secondary adaptations, as evidenced by a return of the 
G-6-Pase activity to a normal level, occurred rapidly in rats re- 
ceiving 5 per cent or more of dextrin in a high protein diet. 

3. Rats fed a high fat diet containing 30 per cent of dextrin 
showed a primary G-6-Pase adaptation, whereas rats receiving 
high fat diets containing 40 per cent of dextrin showed no such 
adaptation. 

4. As little as 6 per cent of fructose in the diet caused a pri- 
mary G-6-Pase adaptation, whereas 50 per cent of galactose was 
required to produce a similar effect; in neither of these cases was 
there any evidence of secondary adaptation. 

5. A method for increasing the rate of development of the sec- 
ondary adaptation to a high protein, carbohydrate-free diet is 
described. 
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Because of its low oxygen consumption, about 0.1 ul. / mg. / hr., 
the ocular lens has been considered as a metabolically inert 
tissue. However, anv interference in the carbohydrate metabo- 
lism results in the opacification of this normally transparent 
organ. Therefore, it appears that metabolism is essential for 
the viability of the lens. That a consumption of oxygen, even 
if low, is also necessary was evidenced by Harris et al. (1) who 
found that the lens is incapable of maintaining its intracellular 
ionic composition without the presence of oxygen. 

Many attempts have been made to determine the pattern of 
glucose metabolism in the ocular lens. Studies with lens homoge- 
nates have shown the presence of enzymes of the Embden- 
Meyerhof pathway (2, 3), the citric acid cycle (4), and the 
phosphogluconate oxidation pathway (5, 6). Differences ob- 
served in the oxidation of glucose-1-C™ and glucose-6-C™ have 
suggested the participation of the phosphogluconate oxidation 
pathway in the production of CO, (5). To obtain this infor- 
mation by the conventional techniques in vitro, considerable 
quantities of material had to be used, since the lens is a relatively 
inactive tissue. The development of the lens culture technique 
(7, 8) has made it possible to incubate the lens for a longer period 
of time and to allow a study of the metabolism of a single lens. 
The lens is particularly well suited for the organ culture pro- 
cedure, since its habitat in situ can be more easily duplicated 
than that of other organs which are dependent on a direct supply 
of blood. Being avascular, the lens must receive nutrients from 
the bathing medium and dispose of end products of metabolism 
into it. 

This report deals with a study of the glucose metabolism of an 
intact organ in a system in vitro by the use of the culture tech- 
nique. An attempt is made to evaluate the pattern of C™- 
glucose metabolism of the rabbit lens which is maintained for 
24 hours in an environment closely simulating the physiological 
conditions which exist in the eve. 


EXPERIMENTAL 


The apparatus used for the culture of lenses has been previ- 
ously described in detail (7, 8). In the present study eight 
individual culture tubes, each to contain a lens, were attached 
to the arm of a mechanical rocking device and immersed in a 
water bath at 37°. Into these vessels 5 ml. of Kresge Eye 
Institute Medium No. 2 (8, 9) containing 10 mmoles per liter of 
CM. glucose were introduced and equilibrated for 1 hour with a 
gas mixture of 7 per cent O., 5 per cent CO,, and 88 per cent N.. 


* This work was supported in part by the United States Atomic 
Energy Commission, Contracts No. AT (30-1)-1368 and No. AT 
(11-1)-152. 


The solution with a resulting pH of 7.5 was sufficiently buffered 
so that it did not vary over 0.2 units during the 24 hour incuba- 
tion period. The Kresge Eye Institute Medium No. 2, a syn- 
thetic mixture of known composition, has been previously de- 
scribed (8, 9). Sterile precautions were observed and the 
following antibiotics were added to 5 ml. of the medium: 200 
units of potassium penicillin, 0.5 mg. of dihydrostreptomycin 
sulfate, and 1 yg. of n-butyl-p-hydroxybenzoate. 

After the rabbits (1.5 to 2 kilos) were sacrificed by air embo- 

lism, the lenses were immediately excised and introduced into 
the culture tubes. Two arms of each culture tube were closed 
with stoppers of the sleeve type. The third arm was fitted with 
an S-shaped bubbler cap (8) which served as a receptacle for 
the alkali used to absorb CO,. The open end of the bubbler 
cap was closed with a silicon stopper, whereas the other end was 
fitted tightly through a rubber stopper into the arm of the culture 
tube. After incubating the rabbit lens for 24 hours, 0.5 ml. of 
30 per cent NaOH was injected through the silicon stopper into 
a depression of the bubbler cap. The CO, was liberated from 
the reaction mixture by injecting 1 ml. of 1 * H;SO, through one 
of the other arms of the tube. Under the conditions used, 2 
hours were necessary for complete absorption of the CO, liber- 
ated. 
The procedures for Ci assay of CO,, glucose, and lactate, in 
addition to the experimental methods and materials used, have 
already been described (5, 10, 11). The only method used that 
was not described previously was the anthrone method for te 
determination of glucose (12). 


RESULTS 


In Table I, the results are recorded from an experiment where 
in each case the lens of one eye of a rabbit was incubated for 24 
hours in glucose-1-C™ and that from the other eye in glucose- 
6-C™. In these experiments involving four pairs of lenses, the 
amount of glucose utilized, the lactic acid produced, and the 
C incorporated into lactic acid and CO: were determined. The 
recorded isotopic values have been corrected to an initial specific 
activity of glucose of 1000 c. p. m. /amole, although actually the 
glucose-6-C" used had over twice this activity. From the 
amounts of C, recovered, it was found that the lenses in- 
cubated with glucose-1-C™ in all cases yielded considerably 
more CO, than those incubated with glucose-6-C". On the 
average, 2360 c.p.m. of C“O, were recovered from glucose-1-C™ 
as compared with only 57 ¢.p.m. from glucose-6-C". This 
indicates that the C-1 atom of the glucose molecule was oxidized 
at a rate 41 times that of the C-6. The preferential oxidation 
of the C-1 atom of glucose strongly suggests the participation of 
the phosphogluconate oxidation pathway. 
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Tan I by the small amount of CO, recovered from the uniformly la- 
Glucose -- Ci and glucose-6-C™ metabolism of rabbit lens beled glucose. The 620 c.p.m. of C recovered as CO, repre- 
sented only 2.3 per cent of the total glucose utilized. Since 
3 Ot . the specific activity of the glucose carbon atom was 1000: 6 or 
Rabbit Lens Glucose | Glucose utilized) produced | recovered 167 e. p. m. per umole of glucose carbon, the 620 c.p.m. of G, 
[Lactate CO: indicate that only 3.7 moles of glucose carbon atoms were 
pmoles| c.p.m. \pmoles| c. m. c. Hm. oxidized. 
1 1 | 1-C™ | 27.0) 27,000 45.4 24, 2560 0.94 | 46 

2 | 6-C [26.7 26, 700 43.3 25, 56 —— 
The results obtained in the C-I- and C-6-labeled glucose 
2 31-0 | 28.3) 28, 300 45.3 20, 2480 0.77 35 experiments are similar to those previously observed (5). In 
4 | 6-C™ | 31.1) 31, 100 45.3 26, 72 those preliminary experiments, however, a greater number of 
3 | 5 | | 25.5) 25, 34.8) A, 2080 | 0.87 | — — were than — 
9 2 used in the present experiments. Nevertheless, the results are 
417 10% 23.4 23, 39.1 lost 2310 64 comparable for the C0 ratio from C- I to C-6 glucose pre- 
8 | 6-C™ 25.5 25, 500 37.8 24, 36 viously reported that varied from 35 to 50, and, in the current 
| experiments, the values that ranged from 33 to 64. The greater 
Average | 1-C"* | 26.1) 26, 100 41.2) 22,113 2360 0.86 44 proportion of glucose oxidized in the earlier study can be at- 
6-C* 27.7 27,700) 42.9 25,4 57 tributed to the concentration of oxygen present in the reaction 
vessel. A gas phase of 95 per cent oxygen was previously used, 


* The rabbit lens (300 mg.) was incubated for 24 hours in 5 
ml. of the Kresge Eye Institute Medium No. 2 which contained 
10 wmoles per ml. of glucose - Cid equilibrated with a gas phase of 
7 per cent oxygen, 5 per cent carbon dioxide, and 88 per cent ni- 
trogen. The isotopic values are corrected to an initial glucose 
specific activity of 1000 c.p.m. per mole. 


TaBLe II 
Metabolism of uniformly labeled glucose by rabbit lens* 
Glucose utilized Lactate formed Total 
| activity. | Activity 
pumoles c. p. m. umoles c. p. n. c. m. c. m. % 
27 .6 27,600 42.0 22,280 620 22,900 83 + 5 
+1.1) + 41.7 +1, * 40 + 1,600) 


* The rabbit lens (300 mg.) was incubated for 24 hours in 5 
ml. of the Kresge Eye Institute Medium No. 2 which contained 
10 wmoles per ml. of uniformly labeled glucose equilibrated with 
a gas phase of 7 per cent oxygen, 5 per cent carbon dioxide, and 
88 per cent nitrogen. The isotopic values are corrected to an 
initial glucose specific activity of 1000 c.p.m. per umole. The 
values are reported as the mean of eight observations + the stand- 
ard deviation. 


The utilization of about 27 wmoles of glucose, and the pro- 
duction of 41 ywmoles of lactic acid indicated that most of the 
glucose metabolized was converted to lactic acid. The results 
from the radioactive assay confirmed this. Of the 27,000 c.p.m. 
of glucose utilized, 22,100 c.p.m. and 25,500 ¢.p.m. were re- 
covered in lactic acid from glucose-I-CM and glucose-6-C™, 
respectively. 

The experiments in which uniformly labeled glucose was used 
as the substrate are summarized in Table II. Upon 24 hours of 
incubation of the rabbit lens, the direct chemical measurements 
revealed the utilization of 27.6 umoles of glucose, with the ap- 
pearance of 42 umoles of lactic acid. The isotopic assay showed 
that of the 27,600 c.p.m. of labeled glucose utilized, 82 per cent 
or 22,300 c.p.m. were recovered as lactic acid. These results 
indicated that a major part of the glucose metabolized was 
recovered as lactic acid. This conclusion was further supported 


whereas in the study reported here the gas phase contained 7 
per cent oxygen. The gas mixture with the low percentage of 
oxygen is thought to lead to an oxygen tension which is similar 
to that found in the intraocular fluids bathing the lens (13). 

It appears obvious that the large difference in the rates of the 
C-1 and C-6 oxidation of glucose is not caused by any unusually 
high activity of the phosphogluconate oxidation pathway but 
rather to the relative inactivity of the citric acid cycle. This 
must be the case in view of the demonstration that most of the 
glucose is metabolized via the Embden-Meyerhof pathway. 

One method which has been used to contrast the relative 
rates of the Embden-Meyerhof and the phosphogluconate path- 
ways is to compare the Ci incorporation of C-1- and C-6-labeled 
glucose into lactic acid (10, 14). In this method it is assumed 
that the amount of Ci incorporated into lactic acid from glucose- 
1-C™ results solely from the Embden-Meyerhof activity. The 
ratio of the amount of Ci“ recovered in lactic acid from glucose- 
1-C™ to that from glucose-6-C" is thought to give the fraction 
of the amount of glucose metabolized by the glycolytic mecha- 
nism. When this calculation was applied to the results of the 
experiments from three rabbits (Table I), the percentage of 
glucose metabolized via the glycolytic pathway was found to be 
94 per cent, 77 per cent, and 87 per cent. Thus an average of 
86 per cent of glucose was metabolized via the Embden-Meyer- 
hof scheme and presumably 14 per cent by the phosphogluconate 
oxidation pathway. 

Another method by which this estimate can be made is to 
calculate what fraction of the total glucose utilized is oxidized 
via the phosphogluconate pathway (14). It seems that almost 
all of the CO, produced from the glucose-1-C was derived 
via the direct oxidative route. The amount of C, contributed 
by the citric acid cycle appeared negligible as reflected by the 
small amount of CO, recovered when glucose-6-C" was the 
substrate. From the data of Table I, after correcting for the 
amount of CO, formed via the citric acid cycle, it can be esti- 
mated that there were 2.3 umoles of glucose oxidized by the 
phosphogluconate oxidation route. This indicated that 8.8 
per cent of the 26.1 umoles of glucose utilized was metabolized 
by the alternate pathway. Therefore, the percentage of glucose 
metabolized via the phosphogluconate oxidation pathway, as 
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Taste III 
Comparison of glucose -C ozidation by rat liver and rabbit lens 
Glucose-C™¥ 
Tissue Label Per cent 
Utilized Oxidized 
— wmoles/gm./hr. 
Rat liver“ 1-C" 46.5 4.1 8.8 
37.0 2.7 7.3 
Rabbit lens 1-C™ 3.6 0.33 9.1 
6-C™ 3.8 0.008 0.2 


* Data from Ashmore et al. (14). 


estimated by the C incorporated into lactic acid, was 14 per 
cent, whereas the results from the experiments with C-1 glucose 
oxidation indicated a value close to 9 per cent. 

In the experiments from C-I- and C-6-labeled glucose, 90 
per cent of the radioactivity disappearing from the glucose 
fraction could be accounted for by either lactic acid or CO: 
On the other hand, in the experiments from the uniformly labeled 
glucose a total of 83 per cent radioactivity utilized was recovered 
in these two fractions. Therefore, it appears that 10 to 17 
per cent of the CM.. glucose metabolized is as yet unaccounted for. 

It was shown from the glucose-1-C™ experiments that 2.3 
umoles of glucose were metabolized via the phosphogluconate 
oxidation pathway. Therefore, of the 620 c. p.m. of CO, 
recovered from the uniformly labeled glucose, 385 c.p.m. or 
62 per cent must have been derived from the direct oxidation of 
glucose. Even assuming that only the first carbon of glucose 
is oxidized via the phosphogluconate oxidation pathway, a large 
percentage of CO, seems to be produced by the alternate path- 
way. Perhaps a more striking way of illustrating the promi- 
nent role played by the phosphogluconate pathway to produce 
CO: in the lens is by a comparison with the glucose metabolism 
of rat liver. This comparison is made in Table III. In rat 
liver (14) it was shown that 8.9 per cent of the C-1 glucose and 
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7.2 per cent of the C- 6 glucose were oxidized to Cu,. In the 
lens, although a much smaller amount of glucose is utilized, 
about the same percentage of C-1 of glucose was converted to 
CO; as in the liver, whereas only 0.2 per cent of the C-6 glucose 
was oxidized. This means that if the lens were capable of 
utilizing glucose to the same extent as liver, then 4.2 wmoles/ 
gm./hr. of the C-1 of glucose would be converted to CO,, and 
only 0.1 moles of the C-6 would be oxidized. 

It is somewhat misleading to gauge the metabolism of the 
lens by expressing it on a weight basis. Unlike the liver, the 
rate of glucose metabolism is not uniform throughout the lens. 
The main bulk of the lens is acellular and is probably metabolic- 
ally inactive. Only a small fraction of the lens can be considered 
capable of active metabolism. This fraction consists mainly 
of a sheet of epithelium confined to the undersurface of the 
anterior segment of the capsule and the newly formed lens fibers 
elaborated from these cells. If the glucose metabolism is mainly 
confined to this part of the lens, it may prove to be as active as, 
or perhaps more active than the other tissues. 


A study was made of the glucose metabolism of rabbit lens 
maintained for 24 hours under conditions which are similar to 
those normally existing in the eye. Under these conditions it 
was found that most of the glucose utilized was converted to 
lactic acid. The presence of the phosphogluconate oxidation 
pathway was suggested by the preferential oxidation of the C-1 
atom in contrast to the C-6 of glucose. However, it has been 
calculated that only about 10 per cent of the glucose metabo- 
lism is by this route and 90 per cent by the Embden-Meyerhof 
scheme. Of the small amount of glucose oxidized in the lens, 
the phosphogluconate pathway appeared to contribute signifi- 
cantly to the CO, produced. 
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The enzymatic formation of glyoxylate from tricarboxylic 
acids has focused attention on this a-keto acid as a possible 
intermediate of alternate metabolic pathways (1-3). Although 
the isocitritase reaction has not been shown in animal tissues, 
recent work has indicated that the principal degradative pathway 
for glycine by rat liver preparations proceeds via glyoxylic acid 
(4). Although the oxidation of glyoxylate to oxalate can be 
catalyzed by xanthine oxidase (5, 6), previous studies have shown 
that glyoxylate, when present in amounts expected under physio- 
logical conditions, was converted to formate and CO, (5). 
Nonenzymatically, this oxidative decarboxylation occurs quite 
rapidly in the presence of hydrogen peroxide and certain heavy 
metal ions (7). The metabolism of glyoxylate via citrate forma- 
tion (1, 3) or via malate formation has been reported to occur 
in microorganisms and plants (3, 8). The importance of these 
pathways to the metabolism of mammalian tissues has not yet 
been assessed. This communication presents studies on the 
partially purified enzyme system from rat liver mitochondria 
that catalyzes the oxidative decarboxylation of glyoxylate to 
formate and CO: 


EXPERIMENTAL 


Materials—C"-labeled glyoxylic acid was synthesized from 
oxalic acid-1,2-C" by the procedure of Weinhouse and Fried- 
mann (9). Formylglutamic acid was synthesized by the method 
of Tabor and Mehler (10). All other materials were obtained 
from commercial sources. 

Experiments with Rat Liver Homogenate—Experiments with 
washed homogenates of liver were carried out essentially accord- 
ing to procedures described by Lehninger and Kennedy (11) 
except that centrifugations were carried out at 6000 x g for 10 
minutes and the suspending medium was as described below, 
with normal adult rats (Wistar, Sprague-Dawley, or Slonaker). 
Homogenizations, washings, and incubations were carried out 
in isotonic KCl (70 parts), MgSO, (2.5 parts) and phosphate 
buffer, pH 7.4 (15 parts). Incubations were conducted in War- 
burg vessels at 37° for 1 hour with an air atmosphere. The 
reaction was stopped by tipping 0.2 ml. of 25 per cent trichloro- 
acetic acid from the side arm, and CO, was collected on alkali- 
soaked filter papers and precipitated as BaCO; for radioactive 
assay. 

Measurement of Radioactivity—Radioactivity was measured 
in a proportional, windowless, gas flow counter. The counts 
were measured as BaCO; at infinite thickness. In order to 
facilitate enzyme assays, a rapid method for radioactive measure- 
ments was used. 0.6 mmoles of Na: CO, carrier was added to 
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each mmole of respired CO: The average weight of BaCO, by 
this method was 118 + 2 mg. with a spread from 116 to 123 mg. 
For rapid assays the respired CO, was collected, 1 ml. of 0.6 ™ 
Na: CO, was added, followed by excess Balz. The precipitated 
BaCO,; was filtered through sintered glass funnels, washed, then 
rapidly dried by washing with alcohol and 1:1 acetone-petro- 
leum ether. The samples were placed under a heat lamp for a 
few minutes and then were ready for plating and counting. The 
average weight of 118 mg. of BaCO, was assigned to these sam- 
ples. The time lapse from the end of incubation to counting 
chamber could be reduced to as little as 15 minutes. 
Formate—Approximately 1 mmole of carrier was added to the 
deproteinized solution; formate was steam-distilled, concentrated, 
and oxidized with mercuric ions, as already described (12). 
Glycine—Carrier glycine was added to the deproteinized solu- 
tion and after formate had been removed by steam distillation, 
sufficient BaCl, was added to remove sulfate ions. After removal 
of BaSO, and decolorization, the solution was transferred to a 
Dowex 50 column and chromatographed by the method of Hirs, 


Moore, and Stein (13). 


Paper Chromatography—Paper chromatograms were developed 
with 80 per cent phenol-water or teri-amyl alcohol, formic acid, 
and water (70:15:15). Amino acids were detected with nin- 
hydrin and N-formylglutamic acid with Cl,, KI, and starch (14). 

Glyozylate Metabolism by Washed Homogenates of Rat Liver— 
Preliminary studies on glyoxylate oxidation by rat liver homog- 
enates showed a variable but significant rate of breakdown. 
A clue to a possible mechanism for glyoxylate catabolism was 
provided during studies on glycine formation by transamination. 
Nonenzymatic transamination can occur between glyoxylate 
and a number Of amino acids (15). In testing for enzymatic 
glycine formation, washed homogenates of rat liver were incu- 
bated with C-labeled glyoxylate in the presence or absence of 
L-glutamate (Table I). The added 1t-glutamate not only in- 
creased glycine formation 50- to 70-fold, but also increased 
production of radioactive CO, approximately 15-fold. This 
stimulating effect of L-glutamate on glycine formation and CO, 
production was essentially identical under either aerobic or 
anaerobic conditions. Formate accumulation closely paralleled 
CO, production. It is apparent from these results that the 
products of glyoxylate metabolism in this preparation were 
formate and CO. Formaldehyde formation could not be 
shown in this or in similar preparations. An attempt was made 
to stimulate glycine metabolism with a-ketoglutarate or L-glu- 
tamate. Rather than stimulate glycine metabolism, a-keto- 
glutarate or L-glutamate appeared to inhibit the reaction. 

Weinhouse and Friedmann (9) showed the rapid oxidation 
of glyoxylate by the intact rat. Table II gives the results of a 
survey of various tissues of the rat for the ability to oxidize 
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glyoxylate. Liver, kidney, and heart were most active but in 
contrast with the glycine oxidizing system (5), other tissues also 
contained the glyoxylic acid dehydrogenase system in varying 
but nonetheless appreciable amounts. This wide distribution of 
glyoxylate oxidation suggests that there may be some source 
of glyoxylate other than glycine in animals, or that this system 
is not specific for glyoxylate, but capable of oxidizing other 
substrates. Comparison of rat liver homogenates, fractionated 
by differential centrifugation according to the method of Hoge- 
boom (16), showed that glyoxylate oxidation was catalyzed by 
the mitochondrial particles. 

Partial Purification of Glyorylate Oridizing System—Mito- 
chondria from approximately 100 gm. of rat liver were obtained 
by the sucrose fractionation method of Hogeboom (16). The 
mitochondria were extracted with 100 ml. of 0.01 M phosphate 
buffer, pH 7.4, by blending a suspension of the mitochondria and 
10 gm. of powdered glass in an ice-jacketed Waring Blendor for 
10 minutes. The temperature was maintained below 5° by 
alternate periods of blending and cooling. Unless otherwise 
stated, all subsequent operations were carried out at 0-5°. 
The suspension was centrifuged at 18,000 X g for 20 minutes. 
The slightly opaque, light red supernatant fluid was diluted to 
200 ml. with water, and 78 gm. of ammonium sulfate (0 to 60 
per cent saturation) were added. The precipitate obtained on 
centrifugation was dissolved in 200 ml. of water and treated with 
ammonium sulfate in order to obtain fractions of 0 to 30 per cent, 
30 to 40 per cent, and 40 to 50 per cent saturated. The 30 to 
40 per cent and 40 to 50 per cent fractions were dissolved in 25 
ml. of 0.02 u phosphate buffer, pH 7.0, and dialyzed against 
this buffer overnight. The dialyzed fractions were treated with 
2 ml. of calcium phosphate gel (50 mg. / ml.), stirred, and centri- 
fuged. The resulting clear, pale yellow solutions contained the 
glyoxylic acid dehydrogenase system, the 30 to 40 per cent 
saturated fraction generally having the greater activity. The 
protein concentration of this fraction, determined by the method 
of Warburg and Christian (17), generally was 3 to 7 mg. of pro- 
tein per ml. and represented a purification of approximately 5- to 
10-fold over the original mitochondrial extracts. 

This preparation was stable at refrigerator temperatures for 
at least 1 week and could be stored for longer periods in the 
frozen state with about 25 per cent loss in activity for each freeze- 
thaw operation. Heating the enzyme at 50° for 5 minutes, or 
acidifying to pH 5.5 with acetic acid at 0°, rapidly inactivated 
the enzyme system. 

Properties of Enzyme System—The preparation described 
was contaminated with other enzymes. L-Glutamie acid de- 
hydrogenase and lactic acid dehydrogenase activities were 
found in every preparation. Since lactic acid dehydrogenase 
and DPNi have been shown to catalyze the interconversion of 
glyoxylate and glycolate (5), this enzyme probably aids glyox- 
ylate oxidation by regenerating DPN from the DPNH formed 
from the action of either or both the glyoxylic acid dehydrogenase 
or Lt-glutamic acid dehydrogenase. These contaminants have 
thus far prevented the application of a spectrophotometric 
assay of DPN reduction to the study of this enzyme system. 
That neither of these two contaminating enzymes was directly 
involved in glyoxylate oxidation was shown by heating the 


The abbreviations used are: DPN, and DPNH, oxidized and 
reduced forms of diphosphopyridine nucleotide; TPN, triphos- 
phopyridine nucleotide. 


H. I. Nakada and L. P. Sund 9 


TaB.e I 
7 ti and ti of gl by 
washed homogenate of rat liver 
* Glycine | Formate 
Substrates Gas 

Microatoms m. tissue/hr. 
Glyoxylate-1,2-C™............. Air 0.5 0.7 0.4 
Glyoxylate-1,2-C™ + L-gluta- 

Glyoxylate-1,2-C™............. N. 0.4 0.3 0.4 
Glyoxylate-1,2-C™ + L-gluta- 

Fee N. 5.8 18.5 | 4.1 


Each flask contained washed homogenate of rat liver (from 
330 mg. of liver) suspended in KCl, MgSO,, phosphate buffer at 
pH 7.4, and substrates as indicated. The concentrations were: 
glyoxylate-1,2-C™, 0.005 u, and glutamate, 0.01 u. Flasks were 
incubated for 1 hour at 37°. 


TaBLe II 
Glyorylate oxidation by various rat tissues 
Organ Respired CO: 

pumoles 
10.4 
8.7 
6.8 
3.5 
2.5 
T 2.5 


Each flask contained washed homogenate of rat liver (from 
330 mg. of liver) suspended in KC], MgSO,, phosphate buffer, at 
pH 7.4, glyoxylate-1,2-C™, 0.005 M, and L-glutamate, 0.01 u. The 
total volume was 3 ml. Flasks were incubated for 1 hour at 
37°. 


enzyme preparation at 50° for 5 minutes. Under these condi- 
tions lactic acid and t-glutamic acid dehydrogenase activities 
were retained while glyoxylic acid dehydrogenase was completely 
destroyed. 

The pH optimum for this system (Fig. 1) ranges from pH 6.7 
to 7. 

Requirements for Glyorylate Dehydrogenase System — Early 
experiments indicated that glutamate and DPN were necessary 
for activity. The system that appears to be necessary for maxi- 
mum activity is shown in Table III. In addition to L-glutamate 
and DPN, Mg**, Ca**, or Mn“ ions and thiamine pyrophos- 
phate were found to enhance glyoxylate decarboxylation. With 
this enzyme preparation there appears to be some bound DPN 
present, as shown by the residual activity when DPN was 
omitted from the reaction mixture. This may explain the slight 
enhancement of activity when DPN was replaced by TPN, 
but the results suggested that this system was specific for DPN. 
An absolute requirement for Mg“, Ca**, or Mn** ions could 
not be shown, but any one of these ions stimulated CO, forma- 
tion from glyoxylate, the latter giving the greater stimulation. 
The fact that thiamine pyrophosphate stimulated the reaction, 
coupled with the further enhancement noted with DPN and the 
metal ions, suggests that the mechanism for glyoxylate catabolism 
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Fic. 1. Effect of pH on glyoxylic acid dehydrogenase. Each 
flask contained the components for the complete system (Table 
III) with the exception that phosphate buffers of varying pH 
values were used. The pH values were determined at the end of 
the incubation period. 


TABLE III 
Requirements for maximal activity 
System S2 
mal activity) 
cd | 100 
Complete system minus L-glutamate............... 4.8 
Complete system minus D“. 21 
Complete system with TPN replacing DPN........ 35 
Complete system minus thiamine pyrophosphate... 48 
Complete system minus MnCl,.................... 57 
Complete system with MgCl, replacing MnCl,..... MM 
Complete system with CaCl, replacing MnCl,...... 90 


Complete system: Enzyme (1 ml.), glyoxylate-1, 2-C (5 wmoles 
131,000 c.p.m. as BaCO, at infinite thickness), I-glutamate (5 
umoles), MnCl;, (8 wmoles), DPN (2.7 wmoles), thiamine pyro- 
phosphate (1.2 umoles), 0.1 u phosphate buffer, pH 6.8 (0.7 ml.), 
and H,O to 2.5 ml. total volume. 0.2 ml. of 5 Nn NaOH and a 
small square of filter paper were placed in the center well to trap 
CO, and 0.2 ml. of 25 per cent trichloroacetic acid was placed in 
the side arms. The trichloroacetic acid was tipped from the 
side arm to terminate enzyme action. The flasks were incubated 
at 37° for 1 hour. 


can be compared with the oxidative decarboxylation of other 
a-keto acids such as pyruvate or a-ketoglutarate. Other co- 
factors such as coenzyme A, adenosine triphosphate, adenosine 
diphosphate, folic acid, pyridoxal phosphate, pyridoxamine 
phosphate, and glutathione were tested and found to be inactive. 
pi-Thioctic acid occasionally produced a slight and variable 
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IV 
Effect of glutamate concentration on glyorylate oxidation 
pmoles/2.5 ml 
0 24 
0.1 84 
0.5 240 
1.0 317 
5 397 
10 301 
20 296 
30 216 


Each flask contained glyoxylate-1,2-C"* (5 umoles 131,000 c.p.m. 
as BaCO, at infinite thickness), enzyme (1 ml.), L-glutamate in 
amounts indicated, DPN (2.7 wmoles), thiamine pyrophosphate 
(1.2 wmoles), MnCl, (8 zmoles), phosphate buffer, pH 6.8 (70 
umoles), and H,O to 2.5 ml. total volume. Incubations were 
carried out at 37° for 1 hour. 


stimulation in the glyoxylic acid dehydrogenase system. This 
was not considered sufficiently significant to include as a require- 
ment for the system. 

The complete system generally used for all of the experiments 
is outlined in the legend for Table III. 

Effect of 1-Glutamate Concentration series of experiments 
was set up, holding the concentration of all components of the 
system except L-glutamate constant. Typical results from such 
experiments (Table IV) showed that small amounts of Lgluta- 
mate stimulated glyoxylate oxidation but the optimum effect 
was found to be at equimolar concentrations of glyoxylate and 
L-glutamate. Higher 1t-glutamate concentrations were inhibi- 
tory. When the ratio of glyoxylate and L-glutamate concentra- 
tions was held constant at 1, and the amounts were increased, 
the rate of glyoxylate oxidation reached a plateau at an approxi- 
mate substrate concentration of 0.005 M. These results indicate 
that I-glutamate was not acting catalytically. The stoichiom- 
etry suggests that a condensation may have occurred between 
glyoxylate and L-glutamate. 

Specificity of 1-Glutamate—The data presented (Table III) 
showed that t-glutamate was absolutely required for the gly- 
oxylic acid dehydrogenase system. Table V summarizes the 
results of a study designed to demonstrate the specificity of 
t-glutamate for the activation of the oxidative decarboxyla- 
tion of glyoxylate. .-Glutamine was about one-half as effec- 
tive as Lglutamate. As illustrated in Table IV, trace quan- 
tities of t-glutamate could increase the rate of glyoxylate 
decarboxylation. It is not known whether the increase ob- 
served in the presence of L-glutamine was caused by a slight 
conversion of the amide to the free acid or whether the increase 
was caused by t-glutamine itself. It is to be noted that the 
unnatural isomer, p-glutamate, as well as other close analogues of 
L-glutamate, such as N-formylglutamate, a-methylglutamate, 
- aminobutyrate, and L-aspartate, could not replace t-glutamate 
in this system. Other amino compounds tested could not acti- 
vate this system significantly. Specificity of this type suggests 
that 1-glutamate is involved in the glyoxylic acid dehydrogenase 
system at the enzyme level. 

Effect of Inhibitors—Several typical enzyme inhibitors were 
tested (Table VI). Arsenate and calcium ions showed little 
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Tast V 
Specificity of · glutamate 
compound tested Respired COs (per cent maximal 

5 
100 
53 
11 
Aminobuty rate 19 
Formylglutam ate 22 
bl-a-Methylglutam ate 12 
7 
8 
14 
L-Hydroxyproline..................... 15 
| 8 
13 
˙ 4 
| 6 
„„ | 8 
| 9 
15 
27 


Each flask contained enzyme, DPN, thiamine pyrophosphate, 
MnCl, phosphate buffer, pH 6.8, in the concentrations specified 
in Table III plus the amino compounds listed above at a con- 
centration of 5 wmoles per flask. Incubations were carried out 
for 1 hour at 37°. 


or no effect. Zinc and mercuric ions were highly toxic to the 
enzyme system. The inhibition by p-chloromercuribenzoate 
indicates that one or more of the enzymes in this system requires 
free sulfhydryl groups for activity. The action of hydroxylamine 
can most easily be explained by the removal of substrate. 
Isolation and Determination of Intermediates—In crude homog- 
enate preparations, the products of glyoxylate metabolism were 
identified as formate and CO, (Table I). The partially purified 
enzyme system produced only small amounts of formic acid as 
compared to the CO, formed. Excess formic acid, when added 
to the reaction mixture in trapping quantities, had no effect 
on CO, production; it also trapped negligible radioactivity as 
formic acid (Table VII). These data indicate that formate was 
not formed or destroyed at an appreciable rate by this enzyme 
preparation. If one postulates that a condensation between 
glyoxylate and t-glutamate occurred before decarboxylation, 
then a compound such as N-formylglutamic acid could be 
visualized as a product. An experiment was run with unlabeled 
formylglutamic acid as a trapping agent. The presence of 
formylglutamate had no influence on CO; evolution (Table VII). 
Paper chromatography of the deproteinized reaction mixture 
showed the presence of glutamic acid, formylglutamic acid, and 
a trace of glycine. To the remainder of the deproteinized reac- 
tion mixture was added 1.2 mmoles of carrier formylglutamate. 
The trichloroacetic acid used for deproteinization was removed 
by ether extraction and the ether removed with a stream of 
nitrogen. This solution was passed through a Dowex 50-X8 
(acid form) column to remove amino acids. The eluate and 
washes from the Dowex 50 column were combined and neutral- 
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TaBLe VI 
Effect of inhibitors 

Compound tested — | (per 

activity) 
100 
Na: AsO, 6060606006 600608 25 83 
25 17 
8 7 
11 8 18 
Hydroxylamine-H CJ“ 12.5 3 
p-Chloromereuribenzo ate 1 4 
p-Chloromercuribenzoate + glutathione ... 1 3 
- Methylglutam ate 20 100 


Each flask contained the complete system (Table III) plus 
the above compounds in the amounts shown. The flasks were 
incubated at 37° for 1 hour. 


VII 
Products of glyorylate metabolism 
Substrates Formate 1 2 
pmoles pmoles pmoles 
1.65 
Glyoxylate-1,2-C' + formate (20 
pmoles).............. 1.60 0.35 
Glyoxylate-1,2-C** + formylgluta- 
mate (10 wmoles)................... 1.65 1.50 


The usual complete system (Table III) with the addition of 
carrier formate or formylglutamic acid as indicated was used in 
these experiments. Incubations were carried out for 1 hour at 
37°. 


ized, and the acidic substances were adsorbed onto a column of 
Dowex 1-X10 (acetate form) and washed with several hundred 
ml. of water. 1.7 & acetic acid was passed through the column 
and 10 ml. fractions were collected (flow rate, 10 ml. per 20 min- 
utes). Fractions containing formylglutamic acid were detec- 
ted and identified by paper chromatography. The fractions 
containing formylglutamate were combined and evaporated to 
dryness in vacuo, taken up in ethanol, and again evaporated to 
dryness. The syrup was taken up in 2 ml. of ethanol and crystal- 
lized by the addition of 25 ml. of benzene. The isolated formyl- 
glutamate was hydrolyzed with H,SO, for 1 hour and the formate 
was converted to CO: with mercuric sulfate, sulfuric acid reagent. 
The total radioactivity of this sample nearly equaled the radio- 
activity recovered in the respired CO, (Table VII). From these 
data it appears that the end products of this reaction were 
N-formylglutamic acid and CO: 
DISCUSSION 

The experiments described show that a partially purified en- 
zyme system isolated from rat liver mitochondria can catalyze 
the oxidative decarboxylation of glyoxylate. The details of the 
mechanism for this reaction are not yet clear. Thus, parts of 
the mechanism postulated below have as yet no basis in experi- 
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N=CH—COOH 
(1) 


O=CH—COOH + HOOC—CHNH:—CH:—CH:—COOH 
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HOOC—CH—CH,;—CH;—COOH + H. — HOOC—CHNH:—CH;—CH,—COOH + HCOOH 


oo, + 


HCOOH + H. O. 
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mental data, but known and circumstantial evidence would in- 
dicate that it must be close to the truth. The requirement for 
DPN, thiamine pyrophosphate, and manganous or magnesium 
ions, shows that part of the mechanism must be analogous to 
known oxidative decarboxylations. The almost absolute re- 
quirement for L-glutamic acid plus the isolation of N-formyl- 
glutamic acid as one of the decarboxylation products, adds a 
unique character to this system. Considering the specificity of 
L-glutamate for this reaction, there can be little doubt that this 
amino acid participates in this series of reactions at the enzyme 
level. I-Glutamate can be involved either before or after the 
decarboxylation step. If it entered this system after decarbox- 
ylation, then one would have to postulate that L-glutamate acts 
as a specific and necessary acceptor of the one carbon compound 
from the enzyme, in order to account for the nearly absolute 
requirement for t-glutamic acid. Although such a mechanism 
might be possible, the involvement of L-glutamate at a step 
before decarboxylation would seem more probable (Scheme 1). 
The first step is thought to be a rapid enzymatic condensation 
of glyoxylate and L-glutamate to form the hypothetical com- 
pound, N-glyoxylglutamic acid. The existence of such an inter- 
mediate is reasonable in view of the nonenzymatic transamina- 
tion that has been shown to occur between these two compounds 
(15). Such a compound would be a Schiff’s base with the pos- 
sibility of electron shifts around the imino nitrogen to form the 
tautomers shown by Reaction 2a, Scheme 1. In the system un- 
der study, it is felt that the proposed intermediate, or its hydrated 
form, can be converted to CO, and N-formylglutamic acid by 
the DPN, thiamine-dependent enzyme that has been tentatively 
designated as glyoxylic acid dehydrogenase. 

N-Formylglutamic acid has been shown to be one of the inter- 
mediates in the degradative pathway of histidine (10). It can 
also be synthesized by the reversible transformylation between 
the formylated form of citrovorum fadtor and L-glutamic acid 


(18). The latter reaction, coupled with the formation of N-for- 
mylglutamic acid from glyoxylate, makes it possible to trace a 
logical pathway for the a-carbon of glycine to form the 8-carbon 
of serine. This conversion can be envisioned as going from 
glycine — glyoxylate — N-formylglutamic acid — formylated 
form of a folic acid derivative — serine. 

The enzymatic hydrolysis of N-formylglutamic acid (Reaction 
4) was first observed by Tabor and Mehler (10), and subsequently 
reported by Ohmura and Hayaishi (19) and Kato et al. (20). 

The oxidation of formate (Reaction 5) was shown to be cata- 
lyzed in mammalian tissues by the catalase-hydrogen peroxide 
complex (5). 

The identification of N-glyoxylglutamic acid as an intermediate 
is under investigation, and a separation of the proposed enzyme 
activities is contemplated. 

SUMMARY 


1. Washed homogenates of rat liver can convert glyoxylate- 
1,20 to formate and CO,. This oxidation was stimulated 
approximately 15-fold by the addition of t-glutamate. 

2. The oxidation of glyoxylate was stimulated by I-glutamate 
in all tissues of the rat that were tested. 

3. A partially purified preparation of enzyme that catalyzes 
the oxidative decarboxylation of glyoxylate has been obtained 
from rat liver mitochondria extracts. This system requires 
added diphosphopyridine nucleotide, thiamine pyrophosphate, 
L-glutamate and MnCl; to achieve maximal rates of decarbox- 
ylation. The optimal pH lies between pH 6.8 and 7. The maxi- 
mal stimulation resulting from addition of t-glutamate occurred 
when the ratio of glyoxylate and t-glutamate concentrations 
was one. | 

4. t-glutamate could not be replaced by any other amino 
acid. 1-Glutamine was about one-half as effective, whereas 
little or no effect could be detected with other compounds, in- 


12 
— COOH 
— 
| 
= 
= | 
| 


(4) 


(5) 


Ts 


F 


8 


17 


TRS 847.7141 


July 1958 H. I. Nakada and L. P. Sund 13 


cluding those structurally related to L-glutamate, such as p-glu- 
tamate, y-aminobutyrate, pi-a-methylglutamate, Laspartate 
or N-formylglutamate. 

5. This enzyme system was inhibited by ethylenediamine- 
tetraacetate, zinc or mercuric ions, cyanide, hydroxylamine and 
p-chloromercuribenzoate, but not by calcium ions, a-methyl- 
glutamate, or N-formylglutamate. 
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Although several procedures have been described for the syn- 
thesis of isocitric acid, (1-4) the optically inactive product ob- 
tained may be contaminated with the diastereomeric alloisocitric 
acid and, if pure, contains at most only 50 per cent of the isomer 
of interest in biochemistry. Pucher, Abrahams, and Vickery (5) 
attempted to meet the need for this substance by devising a 
method for the isolation of L,(+)-isocitric acid from the leaves 
of the Bryophyllum plant. They were unable, however, to find 
a satisfactory compound of the free acid, and, accordingly, 
resorted to the preparation of the dimethyl ester of isocitric 
lactone, a substance with excellent properties for isolation pur- 
poses and which they obtained in yields of approximately 50 
per cent. Its preparation, nevertheless, presents certain diffi- 
culties, since esterification and subsequent distillation steps are 
involved. 

The development in the last few years of efficient methods for 
the isolation of acids by means of anion exchange resins sug- 
gested that improvements in the technique for the preparation 
of isocitric acid were possible. A careful study has accordingly 
been made of the behavior of the acids of Bryophyllum calycinum 
leaves when subjected to chromatography on Dowex 2 x 10 
formate with formic acid as eluent. By taking advantage of the 
fact that isocitric acid is easily converted to the lactone by 
evaporating its solution to a sirup and heating this in a boiling 
water bath for several hours, it was possible to separate the lac- 
tone from citric acid, the chief contaminant of the initial iso- 
citric acid fraction, in a form sufficiently pure to crystallize when 
the lactone fraction was evaporated to a sirup in vacuo. How- 
ever, no solvent was found from which the solid mass of crystals 
could be recrystallized in sufficiently high yield to make this 
substance a practically useful end product. Nevertheless, the 
availability of moderately pure material made it possible to 
examine the properties of various compounds of isocitric lactone, 
and the fortunate observation was made that its monopotassium 
salt crystallizes beautifully and in high yield from a solution 
adjusted to pH 3.25 with potassium hydroxide, after concentra- 
tion and the addition of approximately an equal volume of alco- 
hol. 
The properties of this salt were so promising that attempts 
were made to crystallize it directly from an aqueous solution of 
the acids extracted by ether from the acidified leaf tissue. A 
yield of about 30 per cent of the isocitric acid present could, in 
fact, be thus secured, but in the course of the experiments, a 
salt was observed to separate which was considerably less soluble 
in water than the monopotassium salt of the lactone. This sub- 
stance was readily purified by recrystallization from water and 
identified as potassium dihydrogen L,(+)-isocitrate. The pres- 


14 


ent procedure for the isolation of isocitric acid is based upon the 
properties of this salt. 


EXPERIMENTAL METHODS 

The choice of plant material as a source of isocitric acid de- 
pends upon the availability of a suitable species of the family 
Crassulaceae. B. calycinum is usually grown in university de- 
partments of botany and the leaves contain about 10 per cent 
of the dry weight as isocitric acid; leaves of Bryophyllum crena- 
tum and Bryophyllum fedtschenkoi contain about 15 per cent. 
In Table I are analyses of several common species, and any of 


these, save possibly the last, would be suitable. The present 


work was carried out with B. calycinum, and all quantities of 
reagents mentioned refer to products from 200 gm. lots of the 
dried leaves of this species. 

The leaves are picked in the early afternoon of a sunny day 
so that the content of malic and citric acids is at a low point in 
the diurnal variation of acidity (7) and are dried in a ventilated 
oven at 80° until crisp. They are then ground to a powder and 
may be kept indefinitely in this form. Of this material, 200 gm. 
are mixed with 330 ml. of 6 N sulfuric acid, allowed to stand 
overnight to insure the liberation of all of the organic acids from 
their salts, and the soft mass is then mixed thoroughly with 200 
gm. of Celite 545' and transferred to a glass cloth bag in the 2 
liter siphon beaker of a Nolan extraction apparatus“ (8, 9). 
Failing this equipment, a large size Soxhlet extraction apparatus 
may be used. The tissue is extracted with ether for 24 hours, 
about 200 ml. of water are added to the extract and the ether is 
completely evaporated in a stream of air. The insoluble soft 
fatty material is filtered and washed with cold water and the 
filtrate is stirred at room temperature with 3 to 5 gm. of a de- 
colorizing carbon, such as Darco G-60, and filtered. The solu- 
tion should be clear and almost colorless with, at most, a pale 
tinge of yellow. In all of the experiments to be described, an 
aliquot (usually 0.001 part) was removed at this point for the 
determination of isocitric acid by the isocitric dehydrogenase 
method introduced by Ochoa (10). Before analysis, it is neces- 
sary to warm the diluted solution of the aliquot with excess of 
alkali in order to saponify any isocitric lactone present. 

Procedure A—The solution is neutralized to pH 3.50, as deter- 
mined with a glass electrode, with 20 per cent potassium hy- 
droxide; from 50 to 55 ml. are required with extracts of B. calyci- 
num. This operation is fairly critical and attention must be 


1 Obtained from Johns-Manville, New York, New York. 
? Obtained from the Macalaster Bicknell Company, Cambridge, 
Massachusetts, and New Haven, Connecticut. 


n the 


July 1958 


given to control of the temperature of the solution at the final 
adjustment. The solution is then concentrated in an efficient 
vacuum still to a thin sirup (about 60 ml.) and transferred to a 
beaker with the minimal amount of water. After being cooled 
in an ice bath and stirred and, if material is available, seeded 
with a few crystals of the potassium salt, crystallization slowly 
starts and should be allowed to proceed for at least 24 hours in 
the refrigerator with occasional stirring. The crop of crystals 
is transferred with the aid of its mother liquor to a sintered glass 
funnel, washed successively with 70 per cent, 95 per cent, and 
absolute alcohol and then with a little ether, and is dried in a 
vacuum desiccator. It is not worth while to attempt to obtain 
a second crop, for the material that slowly precipitates from the 
mother liquor after the alcohol washings have been mixed with 
it is usually grossly impure. However, if several successive 
preparations are being made, the mother liquors should be re- 
tained, mixed, and treated according to Procedure B after distil- 
lation of the alcohol. 

Procedure B—Isocitric acid in aqueous solution is slowly, al- 
though only partially, converted into the lactone. This is also 
true of the monopotassium salt, and the conversion is signifi- 
cantly rapid if the solution is heated. Accordingly, there is 
invariably some lactone present in the dried tissue, and the 
solutions that have been treated as described in Procedure A 
may contain as much as one-third of the isocitric acid present 
as the lactone. The yield of potassium salt obtainable by direct 
crystallization is thus seriously depressed. The yield can be 
increased to some extent if, as a preliminary step, isocitric acid 
is precipitated in alkaline solution as its barium salt since the 
lactone is immediately saponified at alkaline reaction. The 
barium salt of isocitric acid is much less soluble in hot than in 
cold water, although this is not true of most of the other acids 
present, and accordingly, the mixture of organic acids from which 
the potassium salt is to be isolated is less complex if a barium 
salt fractionation step is adopted. The chief contaminants of 
such a fraction are citric acid and a small proportion of malic 
acid. 

In order to precipitate the barium salt, the extract as prepared 
for Procedure A is heated in a steam bath to about 90°, and 
sufficient hot saturated barium hydroxide is added to give a 
strongly alkaline reaction to phenolphthalein. The barium salt 
separates as a curdy precipitate and is allowed to digest on the 
steam bath for a short time, filtered on paper covered with a 
thick layer of Celite 545, and washed liberally with boiling wa- 
ter. The precipitate is transferred to a beaker, suspended in 
warm water with the aid of mechanical stirring, and treated with 
a detectable but small excess of 10 & sulfuric acid (45 to 50 ml.). 
The pH should be close to 1.5, and the approach to the desired 
point can be readily detected with a suitable indicator paper. 
After the suspension has been stirred until all of the barium salt 
has been decomposed, as demonstrated by successive tests for 
the presence of excess sulfate ion, cold saturated barium hydrox- 
ide solution is added until a test for the sulfate ion can be ob- 
tained only after the centrifuged test sample has stood for several 
minutes. However, an excess of barium ion must be avoided. 

The solution is filtered on paper with the aid of Celite 545, 
and, if a sufficient amount of this material was used in the first 
filtration, the barium sulfate should filter rapidly. The barium 


sulfate is washed with warm water and the filtrate is concen- 
trated in vacuo. The subsequent steps are then as described 
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TaBLe I 
Organic acids of leaves of Crassulacean plants* 
Data are milliequivalents per 100 gm. dry weight 


Crassula arborescens Willd..... 


* Determinations by the method of Palmer (6). The sample 
of B. calycinum was the same as that used for the isolation ex- 
periments. 

t According to a recent monographic treatment of the Crassula- 
ceae, B. calycinum Salisb. should be called Kalanchoe pinnata 
(Lam.) Pers., B. crenatum Baker should be A. laziflora Baker and 
B. fedtschenkoi Hamet and Perrier should be XK. fedtschenkoi Ha- 
met and Perrier. The plant listed as Echeveria weinbergii Hort. 
is commonly known as Weinberg’s stonecrop and is widely used 
in ornamental plantings. It is probably more accurately named 
Graptopetalum paraquayense (N. E. Brown) E. Walther, or Byr- 
nesia weinbergii Rose, but other names such as Sedum weinbergit 
(Rose) A. Berger have also been used. The botanical nomen- 
clature used in the table here is perhaps more familiar to chem- 
ists who have been concerned with isocitrie acid. 


Plant “odd | ocd | ocd | 

Bryophyllum calycinum Salisb.t 9 73 37 147 
Bryophyllum crenatum Baker 8 108 73 238 
Bryophyllum fedtschenkoi Hamet 

and Perrier.................. 4 121 91 242 
Kalanchoe blossfeldiana v. Po- 

. 5 109 | 46 131 
Kalanchoe daigremontiana Ha- 

met and Perrier 13 89 57 156 
Echeveria weinbergii Hort. 9 | 183 | 19 | 221 
Sedum spectabile Boreuu 18 60 31 162 
Sedum praealtum DG. 11 37 18 


7 122 30 9 


under Procedure A, save that the neutralization to pH 3.5 will 
require only about 25 ml. of 20 per cent potassium hydroxide, 
and a filtration with the aid of a little decolorizing carbon may 
be necessary before the final concentration to remove traces of 
color and of barium sulfate. 

Purification of Crude Potassium Dihydrogen I socitrate—The 
crude salt obtained by either procedure ranges in purity, as 
determined by enzymatic assay, from about 89 to 96 per cent. 
It can be conveniently recrystallized from 2.5 times its weight 
of nearly boiling water, but must be handled rapidly if serious 
loss from the formation of lactone is to be avoided. It should 
be heated quickly until dissolved, filtered at once through 
a steam-jacketed funnel and immediately cooled in ice with 
stirring to avoid the formation of a cake of crystals which 
strongly adhere to glass. After being chilled overnight, the 
crystals are filtered and washed as already described and, in a 
successful operation, the recovery will be from 80 to 85 per cent 
of a pure product. If there has been delay, and especially if 
any attempt has been made to evaporate the solution on a steam 
bath, the yield may drop to 50 per cent. Second crops are 
rarely worth recovering at this point. Crystals that separate 
after the alcohol washings have been added to the mother liquor 
are usually as impure as the original crude salt, and are likely 
to be contaminated with lactone. However, much of the iso- 
citric acid in such mother liquors can be easily recovered by 
Procedure B. 

The purified salt is soluble in a little more than twice its weight 
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16 Potassium Dihydrogen 1,(+-)-I socitrate 


of boiling water, but the solubility at 0° is only 3.5 gm. in 100 
ml. The solubility in 50 per cent alcohol at 0° is about 0.4 gm. 
in 100 ml. The substance possesses excellent properties pro- 
vided the correct technique is used for recrystallization. It sep- 
arates in short, often flattened orthorhombic needles or long 
prisms which usually aggregate into radiating masses. A once 
recrystallized specimen was 101.3 per cent pure as judged by 
the isocitric dehydrogenase method (which is accurate to ap- 
proximately +2 per cent) and contained 17.0 per cent of potas- 
sium, theory for KH. C. H,O,, 16.99 per cent. The specific 
rotation is [a] = +20.4° (0.1 u solution in water) and the 
equivalent weight found was 113, theory 115, when titrated 
to phenolphthalein. When heated in an open tube, the salt de- 
composes sharply with evolution of gas at a temperature usually 
between 179 and 186°, depending on the rate of heating, with 
formation of isocitric lactone as a major product. a-Keto- 
glutaric acid could not be detected in the melt. The salt suf- 
fered no loss when heated at 115° for 24 hours, but when then 
moistened and heated further, became slightly discolored and 
lost about 1 per cent of its weight. Lactone formation occurred 
to the extent of 34 per cent when a 2 per cent solution was boiled 
under reflux for 1 hour, and 48 per cent in 3 hours, but no further 
transformation had taken place after 6 hours. When this solu- 
tion was evaporated to a sirup and heated in a boiling water bath 
for 15 minutes, an additional 10 per cent of lactone formation 
occurred. A study of the equilibrium relationships between iso- 
citric acid and its lactone, as influenced by temperature, concen- 
tration, and pH remains to be accomplished. 

Other Salts—A 0.4 M solution of the potassium salt was stirred 
for 15 minutes with an excess of Dowex 50 in the hydrogen form, 
filtered, and the filtrate and washings were concentrated in vacuo 
to the original volume. Aliquot parts of this solution were neu- 
tralized to pH 3.5 with the desired base, and the respective 
solutions were concentrated to thin sirups and chilled. 

The ammonium salt separated in a yield of 48 per cent, and 
an additional 22 per cent was obtained from the mother liquor 
after the addition of alcohol. The solubility in water at 0° is 
close to 6 gm. per 100 ml. The salt crystallizes in stout ortho- 
rhombic needles often aggregated into fascicles. The first crop 
was 102 per cent pure by enzymatic assay and contained 6.4 per 
cent of nitrogen, theory 6.7 per cent. 

The sodium salt was obtained only with some difficulty. It is 
too soluble to be crystallized from water, but was obtained in 
aggregates of tiny needles of a dihydrate from 50 per cent alcohol 
in which it is soluble to the extent of about 22 per cent at 0°. 
It must be filtered at low temperature. The yield was 60 per 
cent in two successive crops. The first crop contained 9.16 per 
cent of sodium, theory for NaH:C.H,0,-2H,O, 9.20 per cent. 
The purity by isocitric dehydrogenase assay was 100 per cent. 
The salt lost slightly more than 2 molecules of water at 115° 
in 2 hours and somewhat more than 3 molecules in 6.5 hours, 
at which time the preparation was brownish yellow, had a cara- 
mel-like odor, and had been converted to the extent of about 73 
per cent into the lactone. 

The Lithium salt is too soluble even in 50 per cent alcohol for 
convenient isolation. A few aggregates of tiny needles were 
obtained, but no attempt was made to secure a preparation for 
analysis. The salt is presumably, like the sodium salt, a hydrate. 

The rubidium salt is anhydrous and closely resembles the potas- 
sium salt in properties, but appears to be more soluble in water. 
A preparation was obtained from 50 per cent alcohol in a yield 
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of 75 per cent and of a purity of 103 per cent by isocitric dehy- 
drogenase assay. It was recrystallized from 50 per cent alcohol 
in a yield of 84 per cent. The solubility is close to 0.6 gm. in 
50 per cent alcohol at 0°. 


RESULTS AND DISCUSSION 

A plot of the dissociation of citric acid calculated from the 
dissociation constants given by Hastings and Van Slyke (11), 
indicates that the singly charged ion of citric acid would be 
present in solution in maximal proportion at about pH 3.7. 
The first dissociation constant of isocitric acid may be expected 
to be a little stronger than that of citric acid, and one would 
anticipate that a slightly more acid reaction than this would be 
the most favorable for the crystallization of monopotassium iso- 
citrate. Trials indicated that pH 3.5 is the most satisfactory. 
The data for a number of experiments are given in Table II. 
The first three show the yields and purity of the crude salt ob- 
tained from 200 gm. of tissue by Procedure A, and it is clear 
that the purest material separated at pH 3.5. This specimen 
was also the most perfectly crystallized. Experiment 4 illus- 
trates the recovery by Procedure B of potassium isocitrate from 
the combined mother liquors of the first three experiments. The 
solution was calculated to contain 148 mmoles of isocitric acid 
by subtracting from the total amount in the three ether extracts 
the quantity in the isolated crude crystals after correction for 
purity, as well as that in two grossly impure second crops that 
were also obtained. The total weight of salt isolated in the four 
experiments amounted to 49 gm. corrected for purity, or 213 
mmoles, a recovery of nearly 78 per cent of the isocitric acid in 
the three ether extracts that were worked up. 

Experiments 5 and 6 show that somewhat improved yields 
and purity can be secured from 200 gm. of tissue by Procedure 
B in spite of a loss of from 15 to 20 per cent of the isocitric acid 
in the ether extracts in the filtrates from the barium salt precipi- 
tates. Experiment 7 illustrates a recovery from a collection of 
solutions from a number of early and unsuccessful attempts at 
isolation by other methods, and shows that Procedure B can be 
equally well applied on a scale 10 times greater than that de- 
scribed. 

The procedure calls for little comment. The isolation of or- 
ganic acids from dried leaves by ether extraction of the acidified 


Taste II 


Isolation of potassium dihydrogen L,(+)-isocitrate from 
Bryophyllum calycinum leaves 


| | leocitsic acid | | | | Yield 
ment dure 14 citrate | x 
extract | salts salts 
mmoles mmoles cont |per cont |per cent 
114 88.3 3.52 | 10.4 | 93.8 | 51.3 
2 A 95.5 3.70 8.4 89.2 38.4 
3 A 90.7 3.60 9.9 88.4 47.3. 
4 B 148 3.50 24.8 93.0 67.8 
5 | B 9.5 80.5 3.40 10.0 96.7 45.5 54.0 
6 B 96.1 76.9 3.50 11.9 93.5 53.7 67.1 
7 B 1081 9908 3.50 142.7 94.4 57.4 | 62.1 


* Experiments 1, 2, 3, 5, and 6 each represent 200 gm. of tissue; 
4 represents the mother liquors from 1, 2, and 3; and7 represents 
combined solutions from previous unsuccessful experiments. 
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tissue as a preliminary step is much to be preferred to extraction 
with alcohol as described by Pucher, Abrahams, and Vickery (5) 
with subsequent precipitation of the barium salts in the presence 
of about 60 per cent alcohol. Although the ether extract is 
highly colored, most of the fatty and colored material precipitates 
when the ether is evaporated in the presence of water, and the 
use of only a minimal amount of decolorizing carbon is necessary 
to obtain a nearly colorless solution. Alcohol extracts require 
much larger amounts. Nevertheless, in the absence of suffi- 
ciently capacious ether extraction equipment, an initial extract 
with acidified aleohol would probably serve for the preparation 
of isocitric acid provided that Procedure B is employed. How- 
ever, it must be borne in mind that barium hydroxide precipi- 
tates all of the polybasic organic acids of plants nearly quantita- 
tively in the cold in the presence of a moderately high 
concentration of alcohol. In hot aqueous solution, citric and 
isocitric acids are the major components of the precipitates ob- 
tained and, in carefully conducted experiments, the loss of iso- 
citric acid in the filtrate is of the order of not more than 10 per 
cent (see Experiment 7). 

The only general warning that is necessary is that evaporations 
must be carried out in vacuo at as low a temperature as can be 
attained without sacrifice of speed of distillation. Because of 
the ready transformation into lactone, the time during which 
solutions are held at elevated temperatures has an important 
obtained. 


SUMMARY 


Potassium dihydrogen L,(+)-isocitrate possesses extremely 
useful physical properties with respect to solubility. It is easily 
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isolated in good yield by direct crystallization from an aqueous 
solution adjusted to pH 3.5 which contains the organic acids 
extracted by ether from the acidified dried leaves of Bryophyllum 
calycinum or of a number of other closely related species. The 
properties of this salt and of the analogous monoammonium, 
monosodium, and monorubidium salts are described. 


Acknowledgments—Grateful acknowledgment is made to Dr. 
Israel Zelitch for many helpful discussions, to Professor J. R. 
Reeder of Yale University for advice on botanical nomenclature, 
to Laurence S. Nolan, Marcia W. Sutter, and Katherine A. 
Clark for technical assistance, to the Department of Analytical 
Chemistry of this Station for the determinations of potassium, 
sodium, and specific rotation, and to the National Science Foun- 
dation for a grant that supported much of the expense of this 
investigation. 

Addendum—Since this manuscript was submitted, it has been 
found that an excellent vield can be obtained if the solution as 
prepared for Procedure A is made alkaline with potassium 
hydroxide and heated on the steam bath to saponify any lactone 
present. The cooled solution is then stirred with sufficient 
Dowex 50 in the hydrogen form to bring the pH below 3.5. The 
filtrate and washings of the resin are concentrated, decolorized 
and adjusted to pH 3.5 with potassium hydroxide, and con- 
centrated to a sirup for crystallization. A preparation from 
200 gm. of dry B. fedtschenkoi leaves by this technique yielded 
27.6 gm. of crude salt of 97 per cent purity. The yield of pure 
recrystallized salt was 70.1 per cent. Choice between this tech- 
nique and Procedure B is mainly the choice between washing 
barium sulfate and recovering Dowex 50; there is little choice in 
terms of time and labor. 
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2,3-Diphosphoglycerate was first isolated from red cells and 
identified by Greenwald (1). Greenwald’s procedure and mod- 
ifications of it (2, 3) have been commonly used for isolation of 
this material, although the chemical synthesis has also been 
reported (4). Both the isolation procedure and the chemical 
synthesis are time consuming and do not lend themselves to 
the preparation of large quantities of this material. 

We have previously reported on the separation of 2,3-DPGA' 
and 3-PGA on Dowex columns and on the high activity for 
the biosynthesis of 2,3-DPGA shown by extracts of chicken 
breast muscle-acetone powders (5). These observations form 
the basis for a simple method presented here which permits 
the isolation of large quantities of 2,3-DPGA with little effort. 


METHODS AND MATERIALS 


All methods and procedures have been reported previously 
(5). 3-PGA, containing 0.2 per cent of 2,3-DPGA (5) was 
obtained from Schwartz Laboratories, Inc. The remainder of 
the materials were commercial products. All centrifugations 
were carried out at 0°, at 4000 x g, and for 10 minutes. 2,3- 
DPGA was measured as previously described (5). 

For biosynthesis of 2,3-DPGA, each gram of chicken breast 
muscle-acetone powder was extracted for 10 minutes at 0° with 
10 ml. of water. It was centrifuged and the supernatant fluid 
filtered through paper and used as such. 


EXPERIMENTAL 


In a typical preparation the following components were mixed 
and made up to a total volume of 830 ml.: 0.8 mmoles of ATP 
potassium salt at pH 8.5, 8 mmoles of MgCl, and 80 mmoles of 
3-PGA potassium salt at pH 8.5. After bringing the incuba- 
tion mixture to 38°, it was completed with 170 ml. of extract 
of chicken breast muscle-acetone powder. After 2 hours of 
incubation? at 38°, the pH was adjusted to 1.85 with 2 n HSO, 


* Supported by grants from the Helen Hay Whitney Foun- 
dation and from the Kansas Heart Association. 

t Established investigator of the American Heart Association. 

1 The abbreviations used are: 1,3-DPGA, pv-1,3-phosphogly- 
ceric acid; 2,3-DPGA, 5-2, 3-phosphoglycerie acid; 3-PGA, p-3- 
phosphoglyceric acid; 2-PGA, p- 2-phosphoglycerie acid; PEP, 
phosphoenol pyruvic acid; ATP, ADP, adenosine tri- and di- 
phosphate, respectively. 

2 Although we have encountered excellent reproducibility, the 
quantity of muscle extract and length of incubation for optimal 
synthesis should be determined in a small incubation mixture for 
each batch of acetone powder. 


(approximately 100 ml. required), and the mixture was heated 
to the boiling point, cooled in ice water, centrifuged, and filtered 
through coarse filter paper. Analysis at this stage showed a 
total of 37.3 mmoles of 2,3-DPGA. A small drop of Dow 
Corning Antifoam B was added to the almost protein-free fil- 
trate, which was then boiled for 30 minutes. After cooling 
at 0°, the hydrolyzed preparation was filtered through What- 
man No. 1 filter paper, diluted to approximately 5000 ml. with 
water, and percolated through a column (32 x 225 mm.) of 
Dowex 1-X8 anion exchange resin (200 to 400 mesh, chloride 
form) with an overhead pressure of approximately 5 feet of 
water. The effluent was discarded, the column was washed 
with 150 ml. of deionized water and then eluted with a 0.5 u 
NaCl-0.5 M HCl solution. The first 183 ml. of eluate were dis- 
carded and the next 175 ml. were retained since they contained 
the bulk of the 2,3-DPGA. Analysis of this fraction showed 
32.4 mmoles of 2,3-DPGA. 

60 ml. of 2 M barium perchlorate were then added to the elu- 
ate, and the insoluble material formed was removed by cen- 
trifugation; the excess of barium was added because sulfate or 
other barium acid insoluble materials were still present in the 
eluate. The precipitate was removed by centrifugation, washed 
once with about 30 ml. of deionized water, and discarded. The 
pH of the combined supernatant fluid and washing was adjusted 
to pH 4 by the addition of 2.5 u LiOH, approximately 70 ml. 
required, added with constant stirring to prevent local pre- 
cipitation of BaCO;. The barium salt of the 2,3-DPGA was 
precipitated by the addition of 2 volumes of 95 per cent ethanol 
and dried over CaCl, in a vacuum desiccator. The dry material 
yielded 10.8 gm. The theoretical amount of 2,3-DPGA ter- 
tiary tribarium salt monohydrate (molecular weight 956) in 
the isolated material is 22.8 mmoles. We found 22.7 mmoles 
of 2,3-DPGA; therefore, the isolated 2,3-DPGA was over 
99.5 per cent pure.“ The only impurities present in this prep- 
aration are traces of inorganic phosphate and of adenine. 


DISCUSSION 


A simple method for the biosynthesis and isolation of large 
quantities of 2,3-DPGA is presented. The method is based 
on the large quantities of diphosphoglyceric acid mutase (6) 
and on the ancilliary glycolytic enzymes present in the chicken 


Under the conditions for precipitation, only the tertiary tri- 
barium salt of 2,3-DPGA is formed (1). The barium analysis of 
the isolated material reported here gave 98 per cent of the the- 
oretical value calculated for the tribarium salt in agreement with 
analytical data previously presented (5). 
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breast muscle (4) that catalyze reactions 1 to 5: 


3-PGA -————> 2-PGA (1) 
DPGA 
2-264 — — PEP (2) 
PEP + ADP «+> Pyruvate + ATP (3) 
3-PGA + ATP «+» 1,3-DPGA + ADP (4) 
1,3-DPGA ——— 2,3-DPGA (5) 
Sum: 3-PGA 2,3-DPGA + Pyruvate 


Therefore, in the presence of catalytic amounts of ATP, 2 moles 
of 3-PGA should theoretically be converted into 1 mole each of 
2,3-DPGA and pyruvate. 

As shown in this paper, even with the crude extracts used, 
the synthesis of 2,3-DPGA from 3-PGA is near the theoretical. 
Apparently, phosphate “leakage” resulting from ATPases, 
spontaneous decomposition of 1,3-DPGA, dephosphorylation 
of 2,3-DPGA, and any other competing reactions are not mark- 
edly interfering with the accumulation of 2,3-DPGA under 
the conditions used. The data shown here confirm by direct 
measurements (5) the suspected irreversibility of the diphospho- 
glycerate mutase (6). 

As we indicated earlier (5), and as is shown in this paper, 
skeletal muscle is an excellent source for the diphosphoglycerate 
mutase previously thought to be localized only in erythrocytes 
(6). It is of particular interest in this regard that 3-PGA 
markedly inhibits the dephosphorylation of 2,3-DPGA (7). 
This observation of Rapoport and Luebering has been confirmed 
and extended by us recently in this laboratory. 
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The method for synthesis and isolation can be conducted 
easily with 5 to 10 times the quantities described here without 
special equipment, particularly in view of the concentration of 
the 2,3-DPGA at the resin absorption step. 

It should be pointed out that we have observed no difference 
in behavior during absorption and elution by increasing the 
water pressure from 1 foot to 5 feet. Finally, the column can 
be used repeatedly after washing with 2 * HCl and water in 
the usual way, after the completion of the run. 


SUMMARY 


A method is presented for the enzymatic preparation and 
isolation of large quantities of p-2,3-phosphoglyceric acid. 
The method is based on the accumulation of p-2,3-phospho- 
glyceric acid in properly fortified extracts from chicken breast 
muscle. 
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The preparation of three soluble enzyme fractions from pigeon 
liver which on combination synthesize long-chain fatty acids 
from acetate was reported in previous papers (2, 3). Cofactor 
requirements for this system were also reported (4). The 
products of this system are long-chain, saturated acids (Cio, 
Cu, Cis, Cis, and Cys), and the principal product is palmitic 
acid (5). 80 to 95 per cent of the total acids synthesized are 
free (unesterified) acids. 

When palmitic acid, which had been synthesized from car- 
boxyl-labeled acetate by the pigeon liver enzyme system, was 
subjected to decarboxylation, the Ci“ content of the terminal 
carboxyl group was found to be consistent with the assumption 
of C: condensation in the formation of fatty acids (5). Further, 
in a large-scale experiment, quantities of fatty acids that were 
sufficient to be weighed and titrated were synthesized from ace- 
tate. Agreement was good between the amount of fatty acids 
synthesized, according to measurement by radioactivity, titra- 
tion, and weight. This result conclusively demonstrated net 
synthesis by condensation of C: units. Additional work (6) 
has shown that acetyl CoA! is an intermediate in the synthesis 
of fatty acids. 

The present investigation reports additional information on 
the quantities and identities of the fatty acids and esters syn- 
thesized by the pigeon liver system. Also reported are the 
results of experiments which were designed to ascertain whether 
one of the esters, palmityl CoA, is an intermediate in the syn- 
thesis of fatty acids. The results reported are consistent, in 
each instance, with the conclusion that palmityl CoA is an 
intermediate in the synthesis of fatty acids by the pigeon liver 
system. 


EXPERIMENTAL 
Materials 
Chemicals—The chemicals used in this investigation, with 
the exception of C-labeled and nonradioactive palmityl CoA, 
were commercial products (4). 
Palmityl CoA—Both C-labeled and nonradioactive palmityl 


* This work was supported in part by research grants, H-2236 
(c), from the National Heart Institute, and A-1383 from the Na- 
tional Institute of Arthritis and Metabolic Diseases of the Na- 
tional Institutes of Health, United States Public Health Service. 
A preliminary account of this investigation has been reported (1). 

The abbreviations used are: CoA, coenzyme A; CoASH, co- 
enzyme A, reduced form; Ru, R: and R., enzyme fractions precipita- 
ble from pigeon liver supernatant solution by 0 to 25, 25 to 40 and 
50 to 65 per cent saturation with ammonium sulfate. 


CoA were prepared according to the method of Kornberg and 
Pricer (7). Solutions of the compounds were calibrated by 
hydroxamate analysis (8). Light absorption readings on the 
ferric complex were made at 520 my, and the molar extinction 
value was taken to be 1 X 10. 

C™-Labeled and Nonradioactive Long-Chain Acids—C"-labeled 
free fatty acids were obtained by large-scale incubation of (. 
acetate with the pigeon liver system. The composition of the 
acid fraction was determined by chromatography, and specific 
activity was determined by titration and measurement of radio- 
activity. The acids were converted to potassium soaps before 
they were used in enzymatic studies. Nonradioactive palmitic 
acid was also converted to the potassium soap before use. 

Enzyme Preparation—Enzyme fractions Ri, R., and R. were 
prepared as previously reported (3). One or more of these 
three enzyme fractions were used in all of the experiments de- 
scribed in this communication. 


System for Synthesis of Fatty Acids—The synthesis of fatty 
acids was studied in a medium containing the following com- 
ponents: potassium phosphate buffer, pH 7, 25 umoles; glucose- 
1-phosphate, 18 amoles; potassium isocitrate, 5 wmoles; adeno- 
sine triphosphate, 2.5 uwmoles; cysteine, 8 umoles; glutathione, 
8 umoles; CoA, 0.05 ywmole; oxidized diphosphopyridine nucleo- 
tide, 0.3 ywmole; oxidized triphosphopyridine nucleotide, 0.3 
umole; Mn**, 1 wmole; C-labeled potassium acetate, 2 to 5 
umoles; enzyme fraction R., 2.5 mg. of protein; Re, 1.5 mg. of 
protein; and R., 1.5 mg. of protein. The final volume of solu- 
tion was 0.8 ml. Buffer, cysteine, glutathione, and the three 
enzyme fractions were routinely preincubated for 30 minutes 
at 38° before the addition of the remaining components. Cys- 
teine-HCl was neutralized with KOH to pH 7 just before use 
in each experiment. After preincubation, the mixture was 
cooled to 0-4° and mixed with all other components of the 
system. Then the complete system was incubated in air at 
38° in thick-walled, 12 ml. conical centrifuge tubes for the desired 
time. Experiments that had short-time intervals were started 
by mixing the solution of enzymes immediately after preincuba- 
tion at 38° with a solution of the remainder of the cofactors 
warmed to the same temperature. Synthesis of fatty acids was 
stopped either by the addition of 2 ml. of 10 per cent alcoholic 
KOH, or 0.03 ml. of 60 per cent perchloric acid followed by 
mixing. Under the conditions of the standard assay system, 
0.1 to 0.4 umole of acetate was incorporated into long-chain 
fatty acids per mg. of enzyme protein per hour. 
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Analysis of Reagents—Adenosine triphosphate, CoA, oxidized 
diphosphopyridine nucleotide, and isocitrate concentrations 
were determined as reported previously (4). Concentrations 
of protein in the enzyme solutions were determined by the 
biuret reaction as adapted by Gornall et al. (9). 

Determination of Total Acids—The total quantity of fatty 
acids synthesized by the reconstructed pigeon liver system was 
determined as reported previously (3). 

Separation of Free and Esterified Acids—Synthesized C acids 
were separated as reported previously (5) and as shown in 
Diagram 1. 

Chromatography of Free Acids—Identity of the acids in the 
petroleum ether extract was determined by chromatography, 
either separately or mixed with authentic free acids, on What- 
man No. 4 filter paper by descending technique in the kerosene- 
85 per cent acetic acid system of Kaufmann and Nitsche (10). 

Esterified Acids When it was established that the Ci count- 
ing in the residue could be attributed to palmityl and myristyl 
CoA, this fraction was routinely saponified, acidified, extracted 
with petroleum ether, and an aliquot was counted in order to 
determine the quantity of esterified acids present. 

Isolation of Palmityl CoA—A large scale incubation (100 
tubes) was carried out for 1 hour. After this, combined samples 
were fractionated, as indicated in Diagram 1. The ester frac- 
tion was then chromatographed by ascending technique with 

water-pyridine (1:2:1). The zone of major radio- 
activity (Rp 0.60 to 0.75) was eluted with isopropanol-water- 
pyridine (1:1:1) by descending action of the solvent at 4°. 
The resulting solution was lyophilized and the dry powder was 
dissolved in slightly alkaline water. The C-containing com- 
ponent was precipitated with perchloric acid, centrifuged and 
washed with ethanol-ethyl ether (1:1). The precipitate was 
then dissolved in slightly alkaline water, and the pH of the 
solution was adjusted to 6 for assay. 

Identification of Palmityl CoA—The (ester fraction was 
chromatographed by ascending technique on Whatman No. 1 
filter paper in a system of isopropanol-water-pyridine (1:2:1) 
(7), and the movement of the radioactive component was com- 
pared with that of an authentic sample of C-labeled palmityl 
CoA. 

The (ester fraction was also saponified, and the acids thus 
liberated were extracted with petroleum ether after acidification. 
The extracted acids were chromatographed by descending tech- 
nique on Whatman No. 4 filter paper in the kerosene-85 per 
cent acetic acid system. 

The C-ester fraction was assayed for its content of acyl 
CoA in the purified system for palmityl CoA dehydrogenase 
(Y’ enzyme) of Beinert et al. (II). 

Activity of Palmityl CoA Deacylase—\-C-labeled palmityl 
CoA was used as substrate in testing for the presence of de- 
acylase activity in the enzyme system. After incubation of 
enzyme and substrate, palmityl CoA and free palmitic acid were 
precipitated with perchloric acid. C-labeled palmitic acid 
was separated from C-palmityl CoA by the extraction of the 
precipitate with ethanol-ethyl ether (1:1). After dilution of 


the extract with an equal volume of water, C™-palmitic acid 
was extracted with petroleum ether. Aliquots of the extract 
of petroleum ether-ethyl ether were plated and counted. 
Activity of Fatty Acid Thiokinase—The conversion of palmitic 
acid to the corresponding acyl CoA ester was measured by the 
increase in hydroxamate-forming ester (7) and the disappearance 
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Diadnau 1 
Fractionation procedure 


Incubation mixture + perchloric acid to pH 2 


discard 


3 extractions with ethanol-ethyl 
ether (1:1) 


extracted with pyridine-isopro- + equal volume of water, 


panol-water (1:1:1) 3 extractions with petro- 
leum ether 
| 
discard acyl CoA ethanol-water petroleum ether 
compounds soluble acids soluble acids 


of thiol groups (12). Neutral potassium palmitate was used 
as substrate in these assays. 

Plating and Counting of C Samples Fatty acids were plated 
from petroleum ether or petroleum ether-ethyl ether solutions 
onto aluminum disks as spots of infinite thinness. Radio- 
activity was measured in a gas flow counter containing a mylar 
micromil window. All samples were incubated, extracted, and 
counted in duplicate. Variation between duplicates was + 5 
per cent or less. 

Radioactivity on paper chromatograms was determined by 
counting 1 em. strips in the gas flow counter. 


RESULTS 


C™ Distribution in Acid Fractions Synthesized by Pigeon Liver 
System—Two parallel experiments were performed in which 
the standard assay system was incubated with different amounts 
of CoASH. Synthesis was stopped at the end of 1 hour by the 
addition of perchloric acid, and the samples were fractionated 
(Diagram 1). The C™ counting in the three acid fractions 
obtained is shown in Table I. The greatest amount of ( is 
located in the free acid fraction. With 0.05 umole of CoASH, 
about equal amounts of radioactivity are found in the other 
two fractions. Raising the CoASH level to 0.20 umole resulted 
in a 3-fold increase of C in the ester fraction. 

Identity of Free Acids and Acids of Ester Fraction—-The acids 
extracted with petroleum ether by the method shown in Diagram 
1 were found, on chromatography, to be a mixture of Cio (3 
per cent), Ci (2 per cent), Cis (7 per cent), Cis (81 per cent), 
and Cig (7 per cent) saturated acids. 

The acids of the ester (residue) fraction were extracted with 
petroleum ether following saponification and acidification. 
When they were chromatographed, palmitic and myristic acids 
were found in the proportions of 92 and 8 per cent, respectively. 

Identification of Palmityl Co. It was reported earlier (5) 
that the C Crontaining residue fraction (Diagram 1) behaved 
as a long-chain acyl CoA compound in solubility and chromato- 
graphic characteristics. Chromatography of the fatty acid 
portion of the ester also showed palmitic acid to be the major 
component. Quantitative determinations of acyl CoA content 
are now reported. When assayed with acyl CoA dehydrogenase 
(performed by Dr. Beinert) a concentration of 26.5 mumoles 


Palmityl CoA in Fatty Acid Synthesis 


TABLE I 

Distribution of C in fractions separated from incubation mixture 

Total c.p.m. per sample 

Acid fraction 

Ro 1° Ko. 2 
Petroleum ether soluble (free acids)...| 70,340 69,020 
Ethanol-water soluble................ 3,200 1,980 
Ester fraction (acyl CoA compounds) 2,680 8, 280 


In Experiment 1, 0.05 ymole of CoASH was present in the 
incubation mixture; in Experiment 2, the level was raised to 
0.20 wmole. The specific radioactivity of acetate used in these 
experiments was 42,200 c.p.m. per umole, and the incubation time 
was 1 hour. At the end of this period samples were treated as 
shown in Diagram 1. 


TABLE II 
Deacylation by indiridual enzyme fractions 
The incubation system contained 25 uwmoles of potassium phos- 
phate buffer, pH 7.0, an aliquot of one of the enzyme fractions, 
0.025 ml. of CM. palmityl CoA (80,000 c.p.m. and 0.9 umole per 
0.1 ml.), and water to a volume of 0.80 ml. Components were not 
preincubated, and the regular incubation time was 60 minutes. 


Trial No. Enzyme fraction — eee Free acids 
¢.p.m./sample 
] none 1,960 
2 R, 0.31 mg. 3,530 
3 R. 0.40 mg. 12,380 
4 R. | 0.32 mg. 7,160 


of palmityl CoA per ml. was found; that expected from radio- 
activity was 23.7 mumoles per ml. 

Palmityl CoA Deacylation—The occurrence in the fatty acid 
synthesizing system of an enzyme that catalyzes the hydrolysis 
of palmityl CoA to palmitic acid and CoASH was shown. The 
designation given this enzyme is palmityl CoA deacylase. De- 
acylation did not occur in the absence of enzyme. It required 
only the presence of enzyme and substrate (Table II); no addi- 
tion of cofactors was necessary. Activity was greatest in the 
Rz enzyme fraction, and deacylation was proportional to the 
quantity of enzyme protein (Fig. 1), and time (Fig. 2). As 
much as 0.3 umole of palmityl CoA was deacylated per mg. 
protein per hour at pH 7. The enzyme remained quite stable 
when stored in the frozen state for several months. The speci- 
ficity of the enzyme for acyl CoA compounds of different 

Activity of Fatty Acid Thiokinase—Activation of palmitic 
acid as measured by the hydroxamate and nitroprusside methods 
showed that enzyme activity was greatest in the R, fraction. 
1 mg. of protein formed 0.04 umole of palmityl CoA per hour 
from palmitate, CoASH, and adenosine triphosphate. The 
amount of ester actually formed in the assay solution is probably 
much larger since palmityl CoA deacylase is also present and 
has considerable activity (Table II). 

Experiments performed in order to determine the quantity 
of C-palmityl CoA formed from C"-labeled palmitic acid and 
from C"-acetate, respectively, during incubations of 1 hour 
showed that approximately equal amounts were formed from 
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Fic. 1. Deacylation of palmityl CoA as a function of protein 
concentration. The system consisted of 25 umoles of potassium 
phosphate buffer, pH 7.0, variable amounts of R, enzyme fraction, 
0.025 ml. of C*-palmityl CoA (80,000 c.p.m. and 0.9 umole per 
0.10 ml.), and water to a volume of 0.8 ml. Samples were incu- 
bated for 60 minutes. 
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Fic. 2. Deacylation of palmityl CoA as a function of time. 
The system was the same as for Fig. 1, except that 0.40 mg. of R,. 
enzyme fraction was used and the incubation time was varied. 


mityl CoA fraction (0.25, 0.50, and 1 umole of potassium pal- 
mitate reduced the radioactivity to 87, 69 and 50 
respectively, of the control). This fact suggested 
of the C'-palmityl CoA present in the system after incubation 
arose by activation of Ci free acids synthesized from C'~acetate. 
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each source in the standard assay for the synthesis of fatty acids. 
In addition, the introduction of nonradioactive potassium pal- 
mitate into the system decreased the radioactivity of the pal- 
Palmityl CoA an Intermediate in Synthesis of Fatty Acids— 
The ratios of C'-palmityl CoA to Cie free acids, plotted as a 
function of time, suggest that palmityl CoA is an intermediate 
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Fic. 3. The ratio of Ci in palmityl CoA and free acids synthe- 
sized from CM. acetate as a function of time. The standard assay 
system was employed and two levels of CoASH, 0.05 and 0.02 
umole, were used. Specific radioactivity of the C™-acetate was 
620,000 c.p.m. per umole. The synthesizing reaction was started 
by adding preincubated enzyme mixture at 38° to a mixture of 
the remainder of the cofactors at the same temperature, fol- 
lowed by rapid mixing. The reaction was stopped by adding 
0.03 ml. of 60 per cent perchloric acid and mixing. 


0.02 AN CO ASH 


0 5 0 1S 30 45 60 


Fic. 4. The ratio of C in palmityl CoA and free acids as a 
function of time, using Cie free acids as substrate. The standard 
assay system with 0.02 umole of CoASH was used. 0.40 umole 
of Cie long-chain fatty acids (141,250 c.p.m. per umole, chiefly 
palmitic acid) was added as potassium salts to the system. Ci“. 
acetate was omitted. The reaction was started and stopped in 
the same manner as described previously. 


in the synthesis of fatty acids. Thus, Fig. 3 shows that the 
ratio dropped very rapidly during the first few minutes of incu- 
bation, and then remained constant at a value dependent upon 
the concentration of CoASH. Fig. 4 shows the results of a 
similar study that omitted C"-acetate but used C' labeled 
potassium palmitate instead. These results are consistent 
CoA in the synthesis of fatty acids in the pigeon liver system. 

Effect of Palmitic Acid, CoASH, and Unlabeled Palmityl CoA 
on Synthesis of Fatty Acids—Inhibition studies were carried 
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Tasie III 
Effect of potassium palmitate and CoASH on synthesis 
of fatty acids 

Samples of the standard assay system that had four different 
levels of CoASH were incubated in the presence of different 
amounts of nonradioactive potassium palmitate for 60 minutes. 
Samples were then saponified, and total acids were determined. 
Measurements of radioactivity are reported in this table as net 
c.p.m. per 0.05 ml. aliquot of a total sample volume of 2.0 ml. 
Specific radioactivity of the CM. acetate in the incubation mix- 
ture was 49,600 c.p.m. per umole. 


Potassium CoASH, pmoles per tube 
palmitate 
0.04 0.11 0.19 | 0.30 
0 1433 1234 1083 98 
0.25 1370 1275 1097 1037 
0.50 1342 1267 1098 1022 
1.0 1358 1178 1204 957 
Taste IV 


Inhibition of synthesis of fatty acids by CoASH and palmityl CoA 

Samples of the standard synthesizing system for fatty acids and 
samples with an additional 0.40 umole of CoASH or 0.40 umole of 
palmityl CoA were incubated for the indicated periods of time. 
At the end of this time they were assayed for total acids. Col- 
umn 2 shows the wmoles of acetate incorporated into fatty acids 
by the control samples. Values at the 5 and 10 minute incubation 
times were obtained in one experiment. Those at the other three 
times were obtained in another experiment. Values in Columns 
3 and 4 show the percentage of inhibition of the synthesis of fatty 
acids that was produced by the addition of 0.40 umole CoASH or 
0.40 umole palmityl CoA to the incubation mixture. Ratios of 
palmityl CoA to free acids at 15 minutes were the following: 
control, 0.02; CoASH, 0.08; and palmityl CoA, 0.11. 


Incubation time |  Acstate (amoles) | Per cent inhibition 
0 CoASH 

Minutes 0.05 modes CoASH 0.45 ymoles CoASH 0.40 umoles 
palmityl CoA 

5 0.11 45 91 

10 0.17 56 91 

15 0.46 49 83 

30 0.84 55 74 

60 1.70 56 4, 


out with freshly reduced CoASH and palmitic acid, and with 
palmityl CoA. Table III shows the results of an experiment 
designed to test for product inhibition at various levels of 
CoASH. As had been shown previously (4), when the level of 
CoASH was increased beyond the optimum (0.02 to 0.05 umole 
per ml.), progressively greater inhibition of the synthesis of 
fatty acids was observed. The presence of palmitic acid, up to 
a level of 1 umole, had no further inhibitory effect at any of the 
four concentrations of CoASH. Clearly, the synthesis of fatty 
acids is not inhibited by the final product even at high levels of 
CoASH. 

If deacylation of the long-chain acyl CoA ester is the final 
step in the mechanism of the synthesis of fatty acids by the 
pigeon liver system, it would be expected that the addition of 
nonradioactive palmityl CoA to the standard assay system 
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V 
Reversal of inhibition by palmityl CoA Palmityl CoA 
Samples of the standard assay system were incubated for 15 CH. (CH.). C- SCoA + H. 0 deacylase 9 
minutes alone, and in the presence of an additional 0.40 umole 0 


CoASH or 0.40 umole of palmityl CoA. The quantity of R. 
enzyme fraction that was used was the usual amount or twice 
this amount. The specific activity of CW. acetate was 124,000 
e. p. m. per umole. 


— Total acids, 
0. Components amounts | c.p.m. per 
1 0.05 Amole CoASH Once 32,760 
2 0.05 ymole CoASH Twice 26, 960 
3 0.45 wmole CoASH Once 20,080 
4 0.45 umole CoASH Twice 14,160 
5 0.05 mole CoASH+ Once 4,220 
0.40 umole palmityl CoA 
6 0.05 umole CoASH+ Twice 9,800 
0.40 umole palmityl CoA 


would lead to a decline in Ci“ formation of free acid from Ci 
acetate because of the reduced rate at which C'-palmityl CoA 
arising from C"-acetate would be deacylated. A decline in 
C-labeled total acids would also be expected unless the accumu- 
lation of C-labeled palmityl CoA increased tremendously 
over that of controls. Table IV presents data on the synthesis 
of C-labeled total acids by the standard system, and in the 
presence of 0.40 additional umole of CoASH or 0.40 umole of 
palmityl CoA. Ratios of C'-palmityl CoA to Ci free acids are 
also given. It is evident from these results that unlabeled 
palmityl CoA caused a much greater inhibition in the synthesis 
of free and total fatty acids than the corresponding quantity 
of CoASH. 

Reversal of Inhibition of Palmityl CoA—An attempt was 
made to reverse the inhibition of palmityl CoA by doubling 
the amount of R. enzyme fraction in the incubation mixture. 
Table V shows that the addition of this fraction reduced in- 
hibition, as would be expected from its deacylase content. 


Further evidence has been presented that the major product 
of synthesis by the reconstructed pigeon liver system is free 
palmitic acid. Smaller quantities of free myristic, lauric, de- 
canoic, and stearic acids are formed too. It has also been 
shown that palmityl and myristyl CoA are synthesized by this 
system. One other fraction, alcohol-water soluble, is synthe- 
sized in small amounts. This fraction has not been identified. 
The occurrence of a palmityl CoA deacylase and a long-chain 
fatty acid thiokinase in the reconstructed pigeon liver system 
are also reported. 

Evidence has been presented that C'-palmityl CoA can arise 
from either free C-labeled acids or C-labeled acetate in the 
reconstructed pigeon liver system. The ratio of C'-labeled 
palmityl CoA to C-labeled free acids is highest at very short 
time intervals, and then decreases rapidly to a constant value. 
This finding suggests that Ci Cacetate is converted by condensa- 
tions of C: units to C'-palmityl CoA either via CoA esters or 
via other unidentified esters. Palmityl CoA is then deacylated 
to the free acid and CoASH. The reactions leading to this 
constant ratio appear to be the following: 


cu. Cl. M. C OH + CoASH 


0 
| Fatt 
y acid | 
CH,(CH;),,C-OH + CoASH + ATP thioki * 


0 
CH. (CH. C- SCoA + AMP + P-P 


If C™-acetate passes through palmityl CoA in the synthesis of 
fatty acids, unlabeled palmityl CoA should inhibit the synthesis 
of fatty acids. When levels of palmityl CoA of 0.2 umole or 
more were used, inhibition was greater in every instance than 
that obtained with an equivalent amount of CoASH. 

The extent of inhibition of the synthesis of fatty acids caused 
by palmityl CoA was reduced markedly by the introduction of 
a double quantity of palmityl CoA deacylase to the synthesizing 
system. This finding is consistent with all of the evidence 
accumulated which indicate that palmityl CoA is an intermediate 
in the synthesis of fatty acids in the reconstructed pigeon liver 
system. 

The indications that palmityl CoA and acetyl CoA are inter- 
mediates in the synthesis of fatty acids suggest that all of the 
intermediates in the synthesis of fatty acids in the pigeon liver 
system may be CoA esters. Such an implication has also de- 
veloped from a number of other indirect lines of investigation. 
Gibson and Jacob (13) reported the condensation of acetyl 
CoA with itself or other acyl CoA compounds, in the presence of 
reduced diphosphopyridine nucleotide, by the R, enzyme frac- 
tion. The reduction of crotonyl CoA to butyryl CoA in the 
presence of reduced triphosphopyridine nucleotide was also 
shown. Work by Hele et al. (14) with a soluble enzyme system 
from mammary gland has shown that the first reductive step 
of the synthesis of fatty acids is specific for reduced diphospho- 
pyridine nucleotide. It is implied from the formation of hy- 
droxamates that the substrate in this reaction is 8-keto acyl 
CoA. The isolation of other supposed intermediates as hy- 
droxamates further strengthens the supposition that synthesis 
occurs via CoA esters. A similar conclusion was reached by 
Langdon (15) from experiments on the reduction of crotonyl 
CoA to butyryl CoA by reduced triphosphopyridine nucleotide 
in a system that synthesized fatty acids from acetate. Other 
presumed reactions in the synthesis of fatty acids were also 
demonstrated in this system. Shaw and associates (16) have 
reported that butyryl CoA is required in the synthesis of fatty 
acids by a mitochondrial system. Finally, a partial reconstruc- 
tion of the synthesis of fatty acids by a system that contained 
largely purified enzymes has been reported by Seubert and asso- 
ciates (17). Acetyl CoA and higher acyl CoA esters were used 
as substrates in this system. 

Even though there is much evidence which suggests that the 
synthesis of fatty acids proceeds entirely via CoA esters, objec- 
tions may be raised to this tentative conclusion. These ob- 
jections arise from the fact that, thus far, conclusive evidence 
has not been reported which shows that the CoA esters between 


No. 1 


uc- 
ned 
sed 
the 
ec- 
ob- 
nce 
en 


July 1958 


acetyl CoA and palmityl CoA are intermediates. Secondly, 
the amount of synthesis of fatty acids which occurs in the system 
of largely purified enzymes is low. This indicates that certain 
aspects of the synthesis of fatty acids are not completely under- 
stood. 


1. The products of the synthesis of fatty acids by a recon- 
structed pigeon liver system are free stearic, palmitic, myristic, 
lauric, and decanoic acids, palmityl and myristyl coenzyme A, 
and a small unidentified alcohol-water soluble fraction. Free 
palmitic acid is the major product. Further, the pigeon liver 
system contains an acyl (palmityl) coenzyme A deacylase and 
a long-chain fatty acid thiokinase. 

2. Evidence has been presented which is consistent with the 
conclusion that myristyl and palmityl coenzyme A arise via 
condensations of C: units and then are deacylated to the free acids. 
The free acids are again-esterified with reduced coenzyme A 
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through the action of thiokinase. A constant ratio of acyl 
coenzyme A to free fatty acids is maintained after the synthesis 
of fatty acids has proceeded from 10 to 15 minutes. 

3. Unlabeled palmityl coenzyme A, at levels of 0.2 umole 
or higher, causes marked inhibition of the synthesis of fatty 
acids from C"-acetate. This inhibition can be partially re- 
versed by the addition of a greater quantity of palmityl coen- 
zyme A deacylase to the system. It is suggested from the 
present work, and a number of other experimental studies, that 
synthesis of fatty acids may proceed via coenzyme A esters. 
However, it is also pointed out that such a conclusion still re- 
quires reservations. 
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Although the occurrence of sphingosine in complex lipides 
of the nervous system (3-5) and other tissues such as the stroma 
of red blood cells (6, 7) is well established, very little is known 
about the metabolism of this compound. A description of 
the enzymatic pathway of sphingosine formation and the identifi- 
cation of the necessary cofactors should be of considerable 
interest to investigators concerned with problems of nerve 
regeneration or conditions such as Gaucher’s, Niemann-Pick’s, or 
Tay-Sachs’ diseases which are characterized by the accumulation 
of pathologic quantities of sphingolipides. The investigations 
of Zabin and Mead (8) and Sprinson and Coulon (9) indicated 
respectively that both acetate-1-C’ and L-serine-3-C™ are in- 
corporated into sphingosine in vivo. The present communica- 
tion describes the preparation of an enzyme system obtained from 
brain tissue which catalyzes the synthesis of sphingosine and 
identifies the cofactors required for these reactions. Experi- 
ments which indicate the mechanism of this biosynthetic process 


are reported. 
METHODS AND MATERIALS 


Sphingosine sulfate was prepared according to the procedure 
described by Carter and coworkers (10) with the use of minor 
modifications, and converted to the free base as described pre- 
viously (11). Dihydrosphingosine was prepared from sphingo- 
sine by catalytic hydregenation (12). Sphingolipides were 
quantitatively transferred into butanol by extracting the incu- 
- bation mixture four times with one-fifth volume of n-butanol. 
The combined butanol extracts were refluxed for 6 hours with 6.2 
volumes of 85 per cent methanol made 1.2 M with respect to 
H. SO. After cooling to room temperature, the reaction mixture 
was extracted two times with one-fourth volume of petroleum 
ether which was back-washed two times with an equal volume 
of 1 M H,SO,. The methanolic solution containing sphingosine 
sulfate was concentrated to one-third volume under vacuum at 
40°. The aqueous phase was made strongly alkaline with NaOH 
and saturated with NaCl. The free sphingosine base was 
extracted into 2 per cent isoamyl alcohol in heptane (11). The 
solvents were removed under reduced pressure, and the sphingo- 
sine was recrystallized two times from petroleum ether. In 
control experiments, approximately 80 per cent of added sphingo- 
sine was recovered with the use of these procedures and was found 
to be analytically pure. In experiments using radioactive sub- 
strates, the sphingosine showed constant specific radioactivity 
after the two recrystallizations. 

Dihydrosphingosine was separated from sphingosine with 
the use of ascending chromatography at 20° on Whatman filter 


* Preliminary reports of this work have been presented (1, 2). 


paper No. 1 employing pyridine as the developing solvent. 

The materials were detected by spraying the dried chromato- 

grams with 0.25 per cent ninhydrin in acetone. Under these 

conditions, sphingosine exhibited an Ry of 0.9 whereas dihy- 
was stationary. 

L-Serine-U-C" was purchased from the Nuclear-Chicago 
Corporation and pi-serine-3-C¹ from Volk Radiochemical 
Company. Lissapol N was obtained from Imperial Chemical 
Industries, Ltd. Lysophosphatidal ethanolamine was generously 
furnished by Dr. Maurice M. Rapport. The authors are in- 
debted to Dr. Elwood Titus for a sample of beef heart plasmalo- 
gen. Acetyl SCoA' was synthesized from CoASH and acetic 
anhydride (13) and palmityl SCoA was prepared according to 
the directions of Kornberg and Pricer (14). 

EXPERIMENTAL 

Preliminary investigations were performed with slices and 
minced tissue preparations. It was found that brain, liver, 
and spleen tissue obtained from 10 to 18 day-old rats contained 
enzymes capable of catalyzing the incorporation of L-serine-U- 
Cie or p-glucose-U-C™ into sphingosine in vitro (Table I). The 
addition of 0.01 u uridine to the incubation mixtures containing 
minced brain tissue caused an increase in the amount of radio- 
activity recovered in the sphingosine, whereas the addition of 
0.01 u cytidine appeared to be slightly inhibitory in this respect. 
That the mode of incorporation of glucose and serine was dis- 
tinctly dissimilar was indicated by the difference found in the 
radioactivity of the aliphatic aldehyde obtained by degrading 
the recovered sphingosine with sodium periodate (11,12). With 
p-glucose-U-C"* as substrate, no radioactivity was found in 
Carbons | and 2 of the recovered radioactive sphingosine, whereas 
with t-serine-U-C", 77 per cent of the radioactivity of the 
sphingosine was present in Carbons | and 2. 

Preparation of Enzyme System The conversion of t-serine-C" 
to sphingosine was more extensively investigated in cell-free 
preparations of rat brain tissue. When differential centrifuga- 
tion was performed as described by Brody and Bain (15), the 
most active fraction was the supernatant solution obtained by 
centrifuging at 20 00 X g for 30 minutes (Table II). It was 
possible, however, to sediment the catalytically active particles 
by further centrifugation at 100,000 X g for an additional 30 


1 The abbreviations used are: CoASH, reduced coenzyme A; 
acetyl SCoA, acetyl coenzyme A; palmityl SCoA, palmityl co- 
enzyme A; ATP, adenosine triphosphate; CDP-choline, cytidine 
diphosphate choline; UTP, uridine triphosphate; CTP, cytidine 
* — PyrPO,, — phosphate; and DPN, DPNH, 
TPN, TPNH, oxidized and reduced di- and triphosphopyridine 
nucleotides. 
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minute period. The enzymes in the 20,000 X 9 supernatant 


0.05 m potassium phosphate buffer (pH 7.4) and subjecting them 
to sonic oscillation at a frequency of 9 ke. for 10 minutes at 
—2°. The enzymes remaining in the supernatant solution after 
sonic vibration and subsequent centrifugation at 100,000 x g for 
1 hour were between 25 and 30 per cent as active as those in the 
untreated particulate preparations. 

Identification of Cofactors—In order to investigate the non- 
protein components necessary for this biosynthetic reaction, 
experiments were performed with an enzyme system prepared in 
the following manner. A 1:3 (w/v) cell-free suspension of rat 
brain tissue in 0.1 m potassium phosphate buffer (pH 7.8) was 
centrifuged at 20,000 X g for 30 minutes. The supernatant 
solution was dialyzed for 4 hours at 2° against 100 volumes of 
0.01 M potassium phosphate solution (pH 7.0) containing 0.001 M 
cysteine and 0.001 M versene. Following dialysis, the enzymes 
were sedimented by centrifuging at 100,000 X g for 30 minutes 
and subsequently resuspended in 0.1 M potassium phosphate 
buffer (pH 7.8). With the use of the ensyme system prepared 
in this fashion, maximal conversion of serine to sphingosine 
was found to require the following components: CoASH, ATP, 
— glucose - G- phosphate, MgCl,, MnCl., TPN, CDP. cho- 

line, glucose - d- phosphate dehydrogenase, DPN, and nicotina- 
mide (Table III). 

The boiled liver extract required in previous experiments 
(2) could be completely replaced by supplemental CoASH, ATP, 
glucose-6-phosphate, MnCl:, and CDP-choline. In contrast with 
earlier experiments (2), UTP and CTP were found to be some- 
what inhibitory in the more highly purified enzyme preparations. 
Compounds such as cysteine and glutathione were strongly 
inhibitory presumably because of the formation of thiazolidine 
derivatives of pyridoxal phosphate (18). In experiments em- 
ploying undialyzed enzyme preparations without supplemental 
CoASH, the addition of 1 X 10-* Mn p-chloromercuribenzoate or 
X 10-* u potassium arsenite caused an inhibition of 35 and 
56 per cent respectively. These observations suggest that the 
reaction is dependent upon the presence of free sulfhydryl 
groups. Materials capable of yielding DPNH such as lactate 
and a-keto-glutarate were inhibitory in this system. 

Nature of 16-Carbon Component—When palmitic acid-1-C™ 
was used as substrate, the recovered sphingosine contained 
radioactivity? indicating that the carboxyl carbon of palmitic 
acid or the respective carbon atom of a metabolically active 
derivative is utilized for the synthesis of sphingosine. In experi- 
ments undertaken to try to demonstrate directly the nature of 
the 16-carbon component, it was found that palmityl SCoA 
could replace to a large extent the requirements for ATP and 
CoASH (Table IV). Experiments in which the resuspended 


2 Dr. Jonathan Wittenberg has described similar findings with 
labeled palmitic acid in a communication at a symposium on the 
Biology of Myelin held in conjunction with the meetings of the 
American Neurological Association, Atlantic City, June 15-16, 
1957. 


R. O. Brady and G. J. Koval 27 


Taste I 


Conversion of 1-serine-U-C™ or p-glucose-U-C™ to sphingosine 
by slices of liver, spleen, or minced brain tissue* 


Experi Tissue | Radioactivity of re- 
¢.p.m./pmole 
1 Liver L-Serine-U-C™ 104 
Liver control | i-Serine-U-C™ 2 
2 L-Serine-U-C™ 241 
Spleen control | i-Serine-U-C™ 3 
3 Brain L-Serine-U-C™ 93 
Brain L-Serine-U-C™ + 0.01 120 
M uridine 
Brain L-Serine-U-C™ + 0.01 81 
M cytidine 
4 Brain L-Serine-U-C™ 108 
Brain L-Serine-U-C™ + 0.01 147 
M uridine 
Brain L-Serine-U-C™ + 0.01 96 
M cytidine 
5 Brain p-Glucose-U-C™ 148 
6 Brain p-Glucose-U-C™ 137 


* The incubation mixtures contained 1 gm. of minced brain 
tissue or slices of liver or spleen tissue, II wmoles of 1-serine- 
U-C™ (2 we.) or 5.5 wmoles of D-glucose-U-C" (2 yc.) in 4 ml. of 
Krebs-Ringer bicarbonate solution. Incubation time was 3 
hours at 37° in air. After incubation, the tissues were homoge- 
nized, extracted with butanol, and 25 umoles of carrier sphingo- 
sine sulfate were added to each sample. 


Taste II 
Conversion of t-serine-U-C™ to sphingosine by cell-free 
preparations of rat brain tissue 
Radioactivity of recovered 
— sphingosine 
Total Carboas and 2 

per cent? 
Whole 50 66 
Fraction R-2 (nuelei)))0 48 79 
Fraction R-3 (mitochondria)......... 28 64 
Fraction R-4 (microsomes)........... 53 60 
Supernatant solution (20,000 x g)... 155 83 

Supernatant solution (100,000 x g)... 5 


* Finely minced brain tissue obtained from 14 day-old rats was 
homogenized in 9 volumes of isotonic sucrose solution for dif- 
ferential centrifugation or in 3 volumes of 0.1 M potassium phos- 
phate buffer (pH 7.8) for the whole homogenate and supernatant 
solutions. Each incubation flask contained the equivalent of 
500 mg. of brain tissue. The reaction mixtures contained 250 
umoles of potassium phosphate buffer (pH 7.8) 2 umoles of t-ser- 
ine-U-C™ (2.0 ne.), 1 amole of PyrPO,, 5 moles of MgCl, 5 umoles 
of ATP, 5 moles of UTP, 0.3 umole of DPN, 0.3 umole of TPN, 
20 wmoles of nicotinamide, and 0.1 ml. of a boiled extract of rat 
liver tissue in a final volume of 2.4 ml. The incubation time was 
3 hours at 37° in air. Following extraction of the sphingolipides 
with butanol, 25 wmoles of carrier sphingosine were added to each 
sample. 

t Determined by difference after degrading the sphingosine 
with sodium periodate. 


solution ere ound de edle ner Oer — 20 t 
up period of 2 weeks —— — 
Attempts to render the enzymes soluble with digitonin, —ññ1f2d3᷑ͤ: ? ß 
sodium deoxycholate, lysis with distilled water, incubation ö 
with steapsin in the presence of Lissapol N (16), and dehydra- | 
tion with acetone followed by extraction of the powder with , 
. S. = dilute buffer solutions were ineffective. Somewhat more satis- 
factory results were obtained by resuspending the particles in 
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Taste III V 
Cofactors required for the conversion of serine to sphingosine* The effect of TPNH on the conversion of serine-U-C™ and 
ityl coenz A to } ine“ 
palmityl yme 8 phingosine 
Reactant omitted 
Total Carbons 1 and 2 Additions — 
c.p.m./pmole per cenit Total and 2 
10 | er comit 
49 78 4 wmoles of ATP, 20 moles of glucose-6-PO,, 
65 31 0.3 umole of TPN, 4 units of glucose PO. 
Glucose- G- phosphate 97 21 dehydrogena e 11 — 
MgCl, 66 nt 123 81 0.1 smole of palmit yl 30 
˙ 130 82 0.1 umole of palmit yl SCoA, 20 wmoles of glu- 
r 162 85 cose-6-PO,, 0.3 umole of TPN, 4 units of glu- 
18S 86 cose -6-PO, dehydrogenase 70 
Glucose-6-phosphate dehydrogenase 192 8⁴ 0.1 wmole of palmityl SCoA and 1.0 umole of 
210 85 0.1 umole of CoASH, 4 ywmoles of ATP, 20 
umoles of glucose - G- PO,, 0.3 amole of TPN, 
* The reaction mixtures contained 150 zmoles of potassium 4 units of glucose-6-PO, dehydrogenase 126 74 
phosphate buffer (pH 7.8), 4 wmoles of bl-serine-3-CM (4.0 g.), 


0.6 umole of CoASH, 4 wmoles of ATP, 1 umole of PyrPQ,, 20 
umoles of glucose-6-phosphate, 5 zmoles of MgCl:, 0.5 umole of 
of MnCl:, 0.3 wymole of TPN, 2 zmoles of CDP-choline, 2 mg. of 
glucose-6-phosphate dehydrogenase (2.0 units (17) per mg. of 
protein), 0.6 umole of DPN, and 20 umoles of nicotinamide. The 
enzyme (24 mg. of protein’ was prepared as described in the text. 
The total volume was 2.0 ml., and the incubation time was 3 hours 
at 37° in air. After extracting the sphingolipides with butanol, 
18 wmoles of sphingosine were added to each sample as carrier. 
t See Table II. 


TABLE IV 


The effect of palmityl coenzyme A and other long chain compounds 
on the conversion of serine to sphingosine 


Radioactivi 
Addition — 
¢.p.m./pmole 
1 None 20 
1.0 zmole of lysophosphatidal ethanolamine 17 
0.1 wmole of palmityl SCoA 148 
0.7 amole of CoASH + 4 wmoles of ATP 209 
0.6 umole of CoASH + 4 moles of ATP + 209 
0.1 umole of palmityl SCoA 
2 None 16 
0.1 of CoASH 34 
0.1 wmole of acetyl SCoA 49 
0.1 Amole of palmityl SCoA 134 
0.1 wmole of CoASH + 4 wmoles of ATP 190 
3 None 15 
1.0 mole of palmitaldehydet 20 
1.0 zmole of beef heart plasmalogenf 24 
1.0 umole of lysophosphatidal ethanolaminet 29 
1.0 pmole of 2-hexadecenal f 33 
0.1 wmole of palmityl SCoA 152 
0.4 zmole of CoASH + 4 wmoles of ATP 214 


* The incubation conditions were the same as in Table III 
except that CoASH and ATP were omitted unless indicated. 

t These materials were suspended in 0.1 ml. of a solution of 
crystalline bovine serum albumin (100 mg. of protein per ml.) 
before addition to the incubation mixtures. 


»The reaction mixtures contained 150 moles of potassium 
phosphate buffer (pH 7.8), 2 wmoles of L-serine-U-C"™ (2.0 ge.), 1 
umole of PyrPQO,, 5 umoles of MgCl, 0.5 mole of MnCl, 2 wmoles 
of CDP-choline, 0.6 wmole of DPN, and 20 wmoles of nicotinam- 
ide. The preparation of the enzyme (24 mg. of protein per 
flask) is described in the text. The final volume was 2.0 ml. and 
the incubation time was 20 minutes at 38° in air. The procedure 
for the recovery of sphingosine was the same as in Table III. 

t See Table II. 


particles were incubated with palmityl or acetyl SCoA in the 
absence of serine and ATP, revealed a marked deacylase activity 


towards both of these compounds. After incubating for 2 hours 


at 37°, only 12 per cent of the original palmityl SCoA and 5 per 
cent of the starting acetyl SCoA were present as thiol esters of 
CoASH. In view of the marked deacylase activity of this 
preparation, it is apparent that palmityl SCoA was indeed a 
rather efficient precursor of sphingosine. However, increasing 
the concentration of palmityl SCoA over that indicated in Table 
IV, brought about little further incorporation of labeled serine 
into sphingosine. With the use of labeled serine as substrate, 
the sphingosine recovered from the experiments with added 
palmityl SCoA contained essentially no radioactivity in carbons 
3 to 18 whereas the sphingosine formed in the presence of ATP 
and CoASH regularly contained 17 to '¢ of the total radioactivity 
in this 16-carbon fragment 

Neither free palmitaldehyde nor trans-2-hexadecenal prepared 
by degradation of sphingosine with periodate could replace the 
requirements for palmityl SCoA in this system. Plasmalogen 
prepared from beef heart and lysophosphatidal ethanolamine were 
also ineffective in this respect. It was necessary to suspend these 
supplemental lipids in serum albumin since surface-active agents 
such as Tween 20 caused a profound inhibition of the enzyme 
system while the addition of albumin itself was without detri- 
mental effect. There appeared to be little activation by way of 
transfer of the thioalkyl group (19) from acetyl SCoA in this 
system (Table IV, Experiment 2). 

Even with the use of palmityl SCoA as substrate, the addition 
of TPNH or a TPNH generating system was required (Table 
V). The enzyme system employed in these experiments was 
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Fig. 1. Spectrophotometric measurement of the reaction be- 
tween palmityl SCoA and TPNH. The reaction mixtures con- 
tained 20 uwmoles of potassium phosphate buffer (pH 7.0), 0.015 
amole of TPNH, and washed, resuspended particles sedimenting 
between 20,000 and 100,000 Xx g (0.49 mg. of protein) in a total 
volume of 0.2ml. Additions at Arrow 1, 0.030 umole of ammonium 
palmitate suspended in bovine serum albumin; Arrow 2, 0.040 
pymole of CoASH; Arrows 3 and 4, 0.030 umole of palmityl SCoA. 
The readings were corrected for dilution after the additions. 
Temperature 22°. In some experiments 2 umoles of semicarbazide 
were added to trap the palmitic aldehyde produced by the reac- 
tion. 


6000 F- 


8 


8 8 


150 
MINUTES 
Fig. 2. Kinetic study of the conversion of t-serine-U-C™ to 
dibydrosphingosine () and sphingosine (O). The experimental 
details are described in the text. 


prepared by washing the particulate matter sedimented by 
centrifuging between 20,000 and 100,000 x g two times with 
0.1 Mu phosphate buffer (pH 7.8) and finally resuspending the 
particles in the same solution. 

Reaction Sequence—Since the addition of TPNH was obliga- 
tory, it appeared likely that the actual condensation reaction 
must have taken place after the reduction of palmityl SCoA to 
the level of the respective thiosemiacetal or free aldehyde. If 
this were so, then it should be possible to demonstrate the 
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Fig. 3. Spect ric measurement of the reduction of 


Safranin T by dihydrosphingosine (O0) and sphingosine (O). 
The reaction mixtures contained 320 wmoles of potassium phos- 
phate buffer (pH 7.8), 0.2 umole of Safranin T, and washed, re- 
suspended particles sedimenting between 20,000 and 100,000 X g 
(35 mg. of protein). The reaction mixtures were overlaid with a 
small amount of mineral oil. At Arrow 1, 0.4 umole of sphingo- 
sine and dihydrosphingosine hydrochlorides suspended in 10 mg. 
of bovine serum albumin were added to the respective cuvettes. 
At Arrow 2, 0.2 umole of additional substrate was added. The 
total volume was 3.8 ml., temperature 38°. The readings were 
corrected for dilution after the addition of substrate. 


presence of an enzyme in this system capable of catalyzing the 
reduction of palmity! SCoA by TPNH. That this conversion 
could indeed be observed in these preparations is indicated in 
Fig. 1, in which the reaction between TPNH and palmityl SCoA 
was followed by measuring the change in optical density at 340 
my. Additional experiments indicated that this reaction was 
freely reversible. 

It became necessary at this point to determine if dihydro- 
sphingosine or sphingosine was the primary product of the 
condensation reaction. Accordingly, the following experiment 
was executed. Washed particles (144 mg. of protein) were 
resuspended in 9 ml. of 0.1 M phosphate buffer, pH 7.8, and 
incubated in the presence of 1.2 ymoles of palmityl SCoA, 9 
umoles of TPNH, 120 wmoles of glucose-6-phosphate, 12 units 
of glucose-6-phosphate dehydrogenase, 6 umoles of PyrPO,, 30 
umoles of MgCl, 3 wmoles of MnChk, 3.6 wmoles of DPN, and 
120 umoles of nicotinamide in a total volume of 12.9 ml. After 
incubating at 38° for 3 minutes in air, 12 wmoles (12 ye.) of L- 
serine-U-C™ were added, the incubation was continued, and 15 
minutes later 250 wmoles of nonradioactive L-serine were added. 
Aliquots of 2.1 ml. were withdrawn from the incubation flask 
and frozen immediately in an alcohol-dry ice bath at 15, 30, 45, 
135, and 255 minutes following the addition of the radioactive 
serine. Following extraction of the aliquots with butanol, 12 
umoles of sphingosine and dihydrosphingosine were added to 
each sample. The recovery and purification procedures were the 
same as described previously with the exception that refluxing 
in methanolic H,SO,. was omitted (20). The recrystallized 
mixtures of sphingosine and dihydrosphingosine were dried, 
taken up in a small volume of methanol, and applied to the paper 
chromatograms. After developing with pyridine, the chroma- 
tograms were dried, the positions of sphingosine and dihydro- 
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sphingosine determined by spraying control strips with ninhydrin, 
and the purified compounds were recovered from the paper by 
refluxing for 90 minutes with three portions of methanol. The 
amount of radioactivity recovered in the various fractions of the 
dihydrosphingosine and sphingosine is indicated in Fig. 2. The 
data indicate that dihydrosphingosine is probably the primary 
product of the reaction and that it in turn is converted to sphingo- 
sine. This interpretation is strengthened by the experiment 
indicated in Fig. 3 in which the enzyme-catalyzed reduction of 
the dye Safranin T by dihydrosphingosine but not by sphingosine 
was observed spectrophotometrically. Under these experimental 
conditions, the formation of DPNH was not detected (21). 


DISCUSSION 


The results which have been obtained suggest that the bio- 
synthesis of sphingosine probably may be represented as shown 
in Scheme I. The representation of the complex formed by the 


Scneme I 
O 


CH. (CH + TPNH + Ht > 
OH (1) 
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HOCH;CH(NH:)COOH + Mn“ + PyrPO, — 
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2 Mn 
| + co. 2 


(3) 
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H 
CH. (CH.) CH (OH) CH (NH.) CH. OH 
CoASH + Pyr PO. + Mn*+ 


CH; (CH.) i: CH. CH. CH(OHCH NH.) CH. OH + Flavin — 

CH. (CH,) is CH=CHCH OH) CH NH.) CH. OH Flavin · 2H 
2· carbon fragment obtained from serine with pyridoxal phosphate 
and manganese is abbreviated from the scheme proposed by 
Metzler, Ikawa, and Snell (22). The reduction of palmityl 
SCoA is quite analogous to the reaction described by Burton 
and Stadtman (23) for the reversible oxidation of acetaldehyde 
in the presence of DPN and CoASH catalyzed by an enzyme 
found in extracts of Clostridium kluyvert. The postulation of a 
semiacetal derivative is similar to the hypothetical structure 
suggested by these and other investigators (24, 25). The 
present experiments do not permit the conclusion that the actual 
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although such a mechanism is suggested by the failure of free 
palmitaldehyde, lysophosphotidal ethanolamine, or plasmalogen 
of beef heart to participate in the reaction. It appears that the 
overall condensing reaction resembles to a degree the reaction 
between formaldehyde and glycine catalyzed by serine aldolase 
(26). Furthermore, the reduction of acyl SCoA compounds 
catalyzed by enzymes in cell-free preparations of brain tissue 
may be quite important for the biosynthesis of acetal phospho. 
lipides 


Mechanistically, it is likely that the condensation reaction 
occurs because of a partial positive charge on the carbon-1 of 
the thiohemiacetal or aldehyde in the presence of the carbanion 
resulting from the complex between manganese ion, pyridoxal 
phosphate, and the 2-carbon fragment derived from serine. 
That such an activation is necessary is supported by the fact that 
neither ethanolamine (9) nor phosphoserine (27) appears to be a 
precursor of sphingosine. It is probable that the formation of 
the pyridoxal phosphate-metal-Schiff base complex requires the 
initial participation of the carboxy! group of serine. 

That the enzymatic oxidation of dihydrosphingosine to 
sphingosine is probably mediated by a flavoprotein is consistent 
with the demonstration of a similar mechanism for the dehydroge- 
nation of aliphatic compounds such as the oxidation of fatty 
acyl coenzyme A derivatives (28), the conversion of succinate to 
fumarate (29), and the desaturation of ring A of certain steroid 
molecules (30). 

The enzymatic synthesis of sphingosine appears to represent 
another example of the utilization of TPNH for a biosynthetic 
process. This suggestion is supported by the demonstration of a 
requirement for TPNH in this system and is to be contrasted 
with the inhibition caused by substrates which yield DPNH. 
It is likely that the enhancement of sphingosine synthesis caused 
by adding CDP-choline to the incubation mixtures is due to the 
sequential activity of additional enzymatic components which 
catalyze the formation of sphingomyelin (31). In like manner, 
the stimulating effect brought about by the addition of uridine 
to minced brain tissue preparations may occur by virtue of the 
participation of uridine nucleotides in the conversion of sphingo- 


sine to galactolipids (32). 


SUMMARY 

The incorporation of L-serine-U-C" or pi-serine-3-C™ into 
Carbons | and 2 of sphingosine has been demonstrated in enzyme 
preparations obtained from brain tissue of young rats. Carbons 
3 to 18 arise from palmityl coenzyme A. The maximal catalytic 
activity was found in the supernatant fraction obtained by cen- 
trifuging a cell-free suspension at 20,000 < g for 30 minutes. 
The catalytically active particles could be sedimented by cen- 
trifuging at 100,000 X g for 30 minutes. After sonic vibration 
of the particles, considerable synthesis of sphingosine was 
observed in the supernatant solution obtained after centrifuga- 
tion at 100,000 X g for 1 hour. 

The synthesis of sphingosine requires the presence of reduced 
triphosphopyridine nucleotide, pyridoxal phosphate and manga- 
nese ions. An enzyme has been found in extracts of brain 
tissue which catalyzes the reduction of palmityl coenzyme A 
by reduced triphosphopyridine nucleotide. 

The primary product of the condensing reaction appears 
to be dihydrosphingosine. The demonstration of the enzymatic 
reduction of Safranin T but not diphosphopyridine nucleotide 
by dihydrosphingosine suggests that the oxidation of dihydro- 
sphingosine to sphingosine is catalyzed by a flavoprotein. 
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Association of Vitamin A Ester and Vitamin A Alcohol 
with Proteins in Rat Liver 
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In vitamin A deficient rats, after a dose of vitamin A, the 
ester form in the liver increases progressively, but the alcohol 
form, after reaching a certain concentration, does not show any 
further increase (1). The vitamin A ester of rat liver homog- 
enate is present in the supernatnat fraction, whereas the vitamin 
A alcohol is present mostly in the same fraction, although small 
amounts are also present in the microsomal fraction (2). As an 
explanation of these observations, it was suggested that the 
ester and alcohol be stored in association with different proteins 
within the liver cell (2). In the present communication, results 
obtained with the techniques of protein precipitation, protein 
denaturation, and so on, indicate that vitamin A exists in loose 
association with proteins in rat liver. Some of these findings 
suggest that vitamin A ester and vitamin A alcohol are probably 
associated with different lipoproteins. 


EXPERIMENTAL 


Stock male rats of a strain from this Institute were killed by 
heart puncture, and the residual blood in the liver was removed 
by perfusion with physiological saline. The liver was immedi- 
ately blotted with filter paper and transferred to a beaker pre- 
viously chilled in crushed ice. Weighed amounts of the tissue 
were homogenized in three volumes of 0.25 m sucrose in an 
all glass tissue homogenizer (3). A fraction, obtained after 
the removal of nuclei, mitochondria, and cell debris in an Inter- 
national refrigerated centrifuge with a high speed head attach- 
ment, was used for the protein denaturation experiments. In 
other experiments (e.g. those concerned with protein precipita- 
tion, electrophoresis on agar plates, and so on) the microsomes 
also were removed. The supernatant fractions were used after 
diluting them with a 0.25 m sucrose solution to obtain 100 mg. 
per ml. of the original liver tissue. The total vitamin A ester 
and vitamin A alcohol present initially was determined by 
extracting representative samples with petroleum ether and 
ethanol in a Waring Blendor (4). The amountsof vitamin A tha 
became extractable by three extractions with peroxide free 
diethyl ether (3 volumes of solvent for one volume of sample) in 
a separatory funnel after protein denaturation treatments were 
taken as the measure of denaturation and were expressed as the 
per cent of the total values obtained by extraction of the un- 
treated samples in the Waring Blendor. The ether extract was 
dried over anhydrous sodium sulfate, evaporated to dryness 
in vacuo, taken up in small amounts of petroleum ether, and 
vitamin A ester and vitamin A alcohol were estimated as de- 
scribed by Ganguly et al. (5). In other experiments, the two 
forms of vitamin A were determined according to the same 
method except that ethanol and petroleum ether in a Waring 


Blendor (4) were used for extracting the vitamin after various 
treatments. 

To avoid any serious loss of the vitamin, the temperature of 
the liver preparations was kept below 5° and the experiments 
were completed as quickly as possible. In many cases this 
prevented the attainment of equilibrium, but this factor was 
unavoidable. Unless otherwise stated, 10 ml. portions of the 
supernatant fluid were used for every experiment. In all 
protein denaturation experiments the samples were buffered 
with an equal volume of phosphate buffer (pH 7.4, 0.1 M). 


RESULTS 


1. Effect of Protein Denaturing Treatments on E 
of Vitamin A Ester and Vitamin A Alcohol—Shaking by hand 
of the samples in a separatory funnel with solvents like benzene 
or petroleum ether extracted only traces of the vitamin, but 
the addition of an equal volume of ethanol brought all the vita- 
min into the solvents. About 30 per cent of both forms of the 
vitamin was extractable by diethyl ether and the rest could be 
extracted only after the addition of ethanol. Treatment with 
the detergent, cetyl pyridinium bromide, at a concentration of 
0.083 per cent, resulted in total extraction of the vitamin. 
Similarly, heating the samples for 15 minutes at various tem- 
peratures up to 60°, caused progressively increasing extracta- 
bility of both forms of the vitamin. 

Ethanol and Sodium Salicylate Denaturation—The results of 
ethanol and salicylate denaturation are given in Figs. 1 and 2. 
In both cases, with increasing concentration of the denaturing 
agent, more of both forms of vitamin A became ether extractable, 
but a striking difference in their relative extractability is clearly 
noticeable. Thus, at a concentration of 16 per cent ethanol or 
0.14 M salicylate, complete extraction of the esterified form was 
possible, whereas about 50 to 60 per cent of the alcohol was 
extractable. The latter form, however, could be completely 
extracted at 50 per cent ethanol or 0.36 M salicylate concentra- 
tion. 

2. Protein Precipitation Experiments. Dialysis against Buf- 
fers of Different pH Values—The two above experiments 
showed a difference in the extractability of ether of the two 
forms of vitamin A following ethanol and sodium salicylate 
denaturation, and this might possibly indicate their association 
with different proteins. Some separation of the proteins was, 
therefore, attempted by dialysis against buffers of different pH 
values. Aliquots (4 ml.) were dialyzed in cellophane bags at 
5° for 4 hours against buffers of given pH values (Table 1) 
and after dialysis were centrifuged at 8,000 x g in the cold. 
The precipitate and supernatant solution obtained at each point 
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were treated separately with solvent in a Waring Blendor. 
By increasing the acidity of the buffers, more of both forms of 
vitamin A were precipitated, but the residues obtained at the 
pH values of 6.0, 5.7, and 5.4 had significantly different propor- 
tions of the ester and alcohol. Thus, whereas the proportion 
of the alcohol in the residue increased progressively with in- 
crease in acidity, in the case of the ester there was a sudden rise 
at pH 6.0, followed by a drop at pH 5.7, and an immediate sharp 
increase at pH 5.4. This experiment was repeated at least twelve 
times with uniform reproducibility and only a few representative 
cases are presented here. The precipitate at pH 5.7 could be 
redissolved in cold phosphate buffer (pH 7.2, 0.1 u) and the 
vitamin A was not completely extractable in ether; this result 
indicates that the precipitation was not due to denaturation. 
Initially, considerable difficulty with the recovery of vitamin A 
was encountered, but this could be overcome by bubbling nitro- 
gen through the buffers and by precooling them before use. 

Ammonium Sulfate Treatment—Required amounts of cold 
saturated solution of ammonium sulfate (pH adjusted to 7.0 by 
the addition of dilute alkali) were added so as to obtain the con- 
concentrations given in Table II. The precipitates were im- 
mediately centrifuged off in the cold, and both the precipitates 
and supernatant solutions were treated with solvent in a 
Waring Blendor. 25 per cent saturation did not give any 
precipitate, but 50 to 60 per cent saturation brought the vitamin 
A down almost completely. The precipitate could easily be 
redissolved in distilled water, and diethyl! ether failed completely 
to extract the vitamin from the solution. It may be recalled 
that in human (6), rat, and chicken (5) blood plasma only very 
small proportions of the vitamin A alcohol are precipitated by 
50 per cent ammonium sulfate saturation, and it would thus 
appear that vitamin A alcohol is probably attached to different 
types of proteins in blood and liver. 

Cold Ethanol Treatment—The technique of Cohn et al. (7) 
for the fractionation of human plasma proteins with cold ethanol, 
has been adopted by Olson and Jablonski (8) for the preparation 
of rat liver lipoproteins. The results of our preliminary attempts 
at fractionation of the supernatant proteins with ethanol at 
pH 6.8, phosphate buffer (0.1 u), and at temperatures of —5 to 0° 
are presented in Table III. At 10 per cent ethanol concentra- 
tion, 50 per cent of the vitamin A was present in the precipitate 
with only 8 per cent of the proteins, and at 18 per cent concen- 
tration, most of the vitamin was precipitated with about 23 per 
cent of the total proteins. Cholesterol followed the same pat- 
tern as vitamin A. The precipitates could be redissolved in the 
same buffer, and ether could not completely extract the vitamin 
from the solution. 

3. Protein Adsorption and Other Experiments—Adsorption on 
kaolin has been taken as proof of association of vitamin A with 
proteins in dog urine (10). In our experiments, all the vitamin 
A was adsorbed by kaolin (2 gm. of adsorbent for 10 ml. of 
sample) at pH 6.8, and weak alkali of pH 9 was able to elute it. 
Treatment with protein precipitants such as lead acetate, mer- 
curie chloride, and sulfosalicylic acid at final concentrations of 
30 per cent, 40 per cent, and 0.5 M, respectively, caused com- 
plete precipitation of the vitamin. But on treatment with an 
equal volume of 10 per cent trichloroacetic acid, 50 per cent of 
the vitamin A could be recovered in the precipitate only and 
the rest was presumably destroyed. 

4. Effect of Freezing and Thawing—McFarlane (11) and 
Dzialoszynski et al. (6) have demonstrated that lipides in plasma 
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become extractable by nonpolar solvents after freezing and thaw- 
ing, and Oncley et al. (12) have shown that lipoproteins are de- 
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Fig. 1. Effect of ethanol denaturation on the ether extract- 
ability of vitamin A ester and vitamin A alcohol. Extraction 
was carried out immediately after mixing the given amounts of 
ethanol with the samples at room temperature. Total initial 
vitamin A content: vitamin A ester, 465 ug. per 10 ml.; vitamin 
A alcohol, 26 ug. per 10 ml. 
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Fic. 2. Sodium salicylate denaturation and ether extractability 
of vitamin A ester and vitamin A alcohol. Samples were kept in 
contact with the salicylate solution for 1 hour at room temperature 
and were then extracted. Total initial vitamin A content: vita- 
min A ester, 230 ug. per 10 ml.; vitamin A alcohol, 16 wg. per 10 
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I pr 
Dialysis against buffers of different pH values* ra 
pH values lin 
Experiment No. Initial values — ff 
6.9 6.7 | 6.3 6.0 8.7 84 5.0 ot 
ug. per 4 ml. im residue 
Vitamin A ester 
1 294 25.21 38.82 45.30 80.05 57.05 95.80 95.08 ot 
2 240 25.00 20.00 28 .00 77.00 55.00 93.00 93.00 th 
3 620 25.00 23.00 27.00 84.00 43.60 94.00 95 .00 sc 
4 505 20.70 21.20 36. 00 83.97 58.61 96.90 96 .90 th 
5 283 20.70 24.10 30.20 82.30 50.50 93.10 92.00 B 
de 
Average 23.32 25.42 33.30 81.46 52.95 94.56 94.39 m 
mg. per 4 mil. 2 
Vitamin A alcohol 
1 26 23.00 22.00 35.00 44.00 57. 00 74.00 100. 00 
2 31 16.20 26. 00 32.43 44.30 57.00 65.00 100.00 = 
3 75 19.20 24.10 33.33 52.60 55.50 66. 60 99.00 vi 
4 45 21.00 20.00 33.50 43.00 56.50 75.00 98 .00 cc 
5 27 22.70 23.10 34.70 42.30 58 .30 69.00 97.00 tr 
— 80 
Average 20.42 23.04 33.79 45.24 56. 86 69.92 98. 80 0 
mg. per 4 ml. 
Protein 
1 33.07 4.00 12.00 29.50 38.50 42.50 52.00 61.50 
2 28.20 5.50 11.50 27.50 40. 10 44.00 51.50 60.00 
3 28.75 5.00 11.20 29.20 39.50 43.50 52.50 62.00 
4 29.25 4.80 12.10 28.50 38.30 43.00 50.50 61.00 
5 29.00 5.30 13.20 29.30 41.10 42.80 52.20 62.50 — 
Average 4.92 12.00 28. 80 39.50 43.16 51.74 61.40 st 
80 
* Acetate buffer, O. I M up to pH 5.7 and phosphate buffer, 0.1 m above pH 5.7. pH at 5° as checked by a Beckman pH meter (model et 
H-2) after dialysis. hs 
er 
Tape II Tasue III et 
Ammonium sulfate fractionation Cold ethanol fractionation 7 
Vitamin A in 
Concentration Ethanol concentration cholesterolt Protein pa 
Residue Supernatant Rater Alcohol tik 
25 No residue No residue 190 95 8.3 92 
37 105.6 52.5 4.0 44 | 80 40 4.0 44 0 per cent ethanol KK 
50 166.2 83.1 7.2 80 26.4 13.2 1.0 11 Supernatant...... 50 46.3 2.1 50.0 — 47.7 178.9 91.0 
60 172.4 86.2 7.3 81 26.4 13.2 10 11 Residune 51 47.2 2.0 47.6 0.80 57.0 15 8.0 su 
al 
* Total initial vitamin A ester, 200 ug. per 10 ml., and total 18 per cent ethanol ch 
9 Supernatant... 19 9.1 — 0.27) 19.0 161.8) 82.1 
Residue. ......... 90 83.3 3.8 90.0 1.17 83.0 13.9 23.4 th 
natured by such treatment. A sample was frozen at —25° in pr 
30 ml. of ether for 24 hours. After subsequent thawing, most 25 per cent ethanol pr 
of the vitamin A was recovered from the ether layer, and this — 108 100 9.8 90. ne 1542 — 
would strongly suggest the lipoprotein nature of the association. | | m 
5. Electrophoresis on Agar Plates Electrophoresis on agar 6 

* xtraction f both tant en 
plates, as described by Giri (13), was used for studying the pos- end — lal 
sible association of vitamin A with a particular protein fraction. t Determined according to the method of Sperry and Webb (9). ce 
Since in our preliminary experiments, the concentration of the t Dash means negligible results. di 
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proteins in the preparations used in other parts of this study was 
rather low, more concentrated homogenates with a 1:1 ratio of 
liver and sucrose were prepared, and 30 ul. of this supernatant 
fluid was used for each run. The electrophoresis was carried 
out in several plates simultaneously for 5 hours at pH 8.6 in 
sodium acetate and veronal buffer (0.05 u). At the end of the 
run, one plate was stained with Amidoschwarz for proteins, an- 
other for lipoproteins with Sudan Black B, and the remaining 
three plates were divided into several segments. The agar was 
scraped off each segment, all the corresponding segments from 
the three plates were pooled, treated with solvent in the Waring 
Blendor, and analyzed for vitamin A. The vitamin could be 
detected in one particular area which took both the protein and 
6. Attempts at in Vitro Combination of Vitamin A with Various 
Proteins—The experiments described above clearly demonstrate 
the association of vitamin A with proteins in rat liver. Attempts 
were made, therefore, at obtaining such association in vitro with 
vitamin A ester and vitamin A alcohol. Solvent partition (14), 
common solvent (15), and simple mixing (16) techniques were 
tried with the liver supernatant fractions of A deficient rats, 
soluble proteins of defatted rat liver, and crystalline egg albumin. 
Only in the case of liver supernatant fluid was some vitamin 
found with the protein, but this was readily extractable with 
ether. 


DISCUSSION 

The possible association of carotenoids and vitamin A with 
proteins in animal tissues was discussed in great detail by Gan- 
guly et al. (17), and the results presented in this study demon- 
strate such an association of vitamin A in rat liver. Nonpolar 
solvents alone failed to extract the vitamin, but addition of 
ethanol resulted in its total extraction. Dzialoszynski et al. (6) 
have shown that about 30 per cent of the vitamin A and carot- 
enoids present in human plasma are extractable with diethyl 
ether alone, and that even this is mostly due to partial denatura- 
tion of proteins caused by vigorous shaking with the solvent. 
Also, about 30 per cent of the vitamin was extractable by shak- 
ing with ether, and it is possible that this is derived from similar 
partial denaturation of proteins, because protein precipitants 
like lead acetate and mercuric chloride were able to bring about 
the precipitation of the entire amount of vitamin A, and kaolin 
was able to adsorb all the vitamin. Finally, ammonium sulfate 
could precipitate the vitamin A, and the precipitate easily redis- 
solved in distilled water. 

Various treatments used for the denaturation of proteins, re- 
sulted in total extraction of both vitamin A ester and vitamin A 
alcohol, but treatments with sodium salicylate and ethanol 
clearly showed a difference in the relative extractability of the 
two forms. This would indicate a difference in the affinity of 
the two forms for proteins, and the results of dialysis against 
precooled buffers strongly suggest the association with different 
proteins. More recently Krinsky et al. (18) and Hack (19) have 
independently shown that following ultracentrifugation of hu- 
man serum in high density media, vitamin A alcohol and carot- 
enoids can be obtained in separate protein fractions. In our 


laboratory, fractionation of chicken liver cells by differential 
centrifugation has shown that whereas the carotenoids are evenly 
distributed in the mitochondrial, microsomal, and supernatant 
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fractions, the vitamin A ester is to be found mostly in the super- 
natant fraction (20). Unpublished results of Krinsky and 
Ganguly revealed a similar distribution of carotenoids and vita- 
min A also in beef liver. All these findings agree with the con- 
ception of association of these substances with different proteins 
and would seem to point towards the specific nature of these 
associations. 

The freezing and thawing experiments, however, indicate that 
these proteins are lipoproteins. Moreover, 18 per cent cold 
ethanol brought down all the vitamin A and cholesterol with 23 
per cent of the supernatant proteins. This would again speak 
for the lipoprotein nature of the association because, according 
to Olson et al. (8), most lipides of the supernatant fractions of 
rat liver homogenate can be obtained in the protein fraction 
precipitated at 20 per cent cold ethanol concentration. The 
very fact that the vitamin becomes extractable after ethanol 
treatment (at room temperature) or after freezing and thawing, 
would indicate that the association is rather loose as visualized 
in the case of lipoproteins. 

Such interpretation might explain some peculiar observations 
regarding the storage of vitamin A ester and vitamin A alcohol 
in the liver. Thus, it is widely accepted that the liver can store 
very large amounts of the ester, but only limited quantities of 
the alcohol. It is possible that the lipoprotein associated with 
the alcohol attains saturation more quickly and thereby prevents 
any further accumulation, whereas the other lipoprotein con- 
taining the ester may have rather unlimited ability of storing 
this form of the vitamin. On the basis of this reasoning, it is 
easy to visualize why after a single dose of vitamin A in A de- 
ficient rats, only the ester keeps on accumulating whereas the 
alcohol form reaches a certain concentration and does not in- 
crease any more (1). Similarly the uneven distribution of vita- 
min A ester and vitamin A alcohol among the various cell frac- 
tions of rat liver homogenate (2) can be explained in the same 
way. Finally, blocking of the reticuloendothelial system sup- 
presses the storage of vitamin A ester and not of the alcohol in 
rat liver (21). The same reasoning would explain this, because 
it is possible that such blocking affects the lipoprotein associated 
with the ester. We feel it necessary to point out that in a recent 
report, High and Wilson (22) have discussed the possibility of 
the association of vitamin A with lipoproteins in tissues. 


SUMMARY 


1. Normal stock male rats were bled to death and the residual 
blood in the liver was removed by perfusion with physiological 
saline. The livers were homogenized in 0.25 m sucrose solution, 
and the supernatant fluids obtained therefrom, when treated 
with various protein precipitants, yielded all the vitamin A in 
the precipitate. 

2. Ammonium sulfate at 50 per cent saturation precipitated 
most of the vitamin A and the precipitate could be redissolved 
in distilled water. 

3. Treatment with various protein denaturing agents made 
all the vitamin extractable with diethyl ether but there were 
differences in the relative extractabilities of vitamin A ester and 
vitamin A alcohol after treatment with sodium salicylate or 
ethanol at room temperature. 

4. A difference in the distribution of the two forms of the 
vitamin was observed in the precipitates obtained on dialyzing 
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the supernatant fluid against precooled buffers of different pH 
values. 

5. All of the vitamin was extractable with diethyl ether on 
freezing and thawing, and cold ethanol at 18 per cent concen- 
tration precipitated all the vitamin A along with 23 per cent 
proteins. This precipitate also could be redissolved in cold buf- 
fer. 


6. The possible association of the two forms of vitamin A with 


different lipoproteins in rat liver is discussed. 
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Strong evidence that squalene is an intermediate precursor 

in the biosynthesis of cholesterol has been provided by the studies 
of Langdon and Bloch (2, 3), in which it was shown that squalene 
is synthesized from C"-labeled acetate in rat liver and also that 
labeled squalene is further converted to cholesterol. The isola- 
tion of labeled squalene with a specific activity greater than that 
of the accompanying cholesterol has been demonstrated in 
several tissues (4-6). Furthermore, recent studies concerning 
the cyclization of squalene (7), the distribution of carbon atoms 
from acetate in biosynthetic squalene (8), and the conversion of 
squalene to lanosterol (9) and thence to cholesterol (10) have 
all strengthened the support for the role of squalene as an ob- 
ligatory precursor of cholesterol. However, it was pointed out 
by Popjäk (11), from experiments with liver slices incubated 
with C™-acetate, that the resulting specific activity of the 
squalene was insufficient to account for the radioactivity which 
accumulated in the cholesterol fraction. In order to reconcile 
these findings, he concluded either that squalene is not an 
obligatory precursor of cholesterol or that only a fraction of the 
squalene in liver tissue (possibly enzyme-bound) actively partici- 
pates in the biosynthesis of cholesterol. In the latter case it 
must be inferred that the active fraction has a high rate of turn- 
over. 
In this paper the dynamic relations between squalene and 
cholesterol labeled in vivo and in vitro from C-acetate and 
tritium-labeled water have been investigated. It is shown that 
at least a portion of the squalene in rat liver is metabolized at a 
rate sufficiently rapid to function as a precursor of cholesterol. 
Also, further evidence is presented to support the concept that 
the hepatic squalene pool is divided into metabolically distinct 
fractions. 


EXPERIMENTAL 


Animals—Male rats of the Harvard strain, originally derived 
from Wistar stock, were used in all experiments. They were fed 
ad libitum on a standard laboratory diet. 
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Liver Biopsy Technique for Experiments in Vivo—Rats under 
ether anesthesia were injected intravenously with 0.5 ml. of 
saline solution containing a tracer dose of sodium acetate-1-C", 
0.1 me. in 5.6 wmoles. The livers were quickly exposed, and 
successive biopsies of the lobes were performed at times varying 
from 2 to 30 minutes after the injection. At each biopsy, a 
heavy silk ligature was looped around a lobe toward its base and 
tightened and tied securely, occluding the major vessels so that 
a distal portion weighing approximately 0.5 gm. could be rapidly 
excised with only negligible blood loss. The liver sample was 
immediately immersed in isopentane chilled with liquid nitrogen. 
The interval from the time that the ligature was tightened around 
the lobe until the tissue was thoroughly frozen was always 
less than 1 minute. The frozen tissues were weighed and trans- 
ferred to tubes containing 2.5 ml. of 15 per cent alcoholic KOH 
for subsequent hydrolysis and analysis of the tissues for in- 
corporation of Ci into squalene and cholesterol. 

A limit of seven biopsies in each experiment was imposed by the 
requirement of an adequate weight of liver for each analysis and 
by the necessity of using tissue to which the circulation had been 
unimpaired, as far as possible, before the time of its removal. 
Thus, separate lobes were used for each sample with the excep- 
tion of the large left lateral lobe, from which two biopsy samples 
were taken, the first from the distal third of the lobe and the 
second from the remaining tissue exclusive of any region com- 
pressed by the first ligature. 

The time associated with each biopsy at which its metabolism 
was effectively stopped was taken to be the moment when the 
tissue was dropped into the freezing bath of isopentane. For 
uniform comparison the final analytical results were corrected 
from the actual weights of the biopsy samples to represent 1 gm. 
of liver. 

Incubation of Cell-Free Homogenate of Rat Liver with C Ace- 
tate—A cell-free homogenate of rat liver was prepared as pre- 
viously described (12) in 0.1 Mu potassium phosphate buffer, at 
pH 7.4, 0.03 u nicotinamide, 0.004 M MgCl, 0.125 m sucrose, 
0.01 m glutathione, and 0.001 m disodium Versenate. After 
centrifugation at 9000 x g for 15 minutes, the supernatant fluid 
contained only microsomes and soluble cell constituents. 
Beakers containing 2.0 ml. of this supernatant fluid plus di- 
phosphopyridine nucleotide (0.0008 m, final concentration), 
potassium hexose diphosphate (0.016 M), and sodium acetate-1- 
C (0.0008 M, 0.027 mc.) in a total volume of 2.5 ml. were in- 
cubated at 37° in a Dubnoff shaker. Beakers were removed in 
duplicate after 3, 5, 7, 11, 18, 30, and 60 minutes of incubation, 
and their contents were mixed rapidly with 15 per cent alcoholic 
KOH in order to stop further metabolic activity. 
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Tritium Labeling of Body Water—22 normal rats weighing 210 
to 310 gm. were given an intraperitoneal injection of tritium- 
labeled water sufficient to bring the specific activity of their 
total body water to approximately 4 ye. per ml. This level of 
activity was maintained by supplying the animals with tritiated 
drinking water with a specific activity of 6 wc. per ml. until they 
were killed 21 days later. At that time samples of blood were 
collected and pooled for the determination of the final specific 
activity of the body water. Also, a total of 180 gm. of fresh 
livers was recovered, minced, and subsequently hydrolyzed in 3 
volumes of 15 per cent alcoholic KOH. 

Analyses Tubes containing liver tissues or homogenates in 
alcoholic KOH were sealed and heated for 4 hours at 100° in a 
steam bath. The solid tissues were dispersed by intermittent 
shaking during this hydrolysis. The nonsaponifiable lipides 
were extracted from the hydrolysate with petroleum ether in a 
liquid-to-liquid continuous extractor, as described by Frantz et 
al. (13). Each extract was reduced under nitrogen to a small 
volume and chromatographed on a freshly prepared 15 X 150 
mm. column of Merck acid-washed alumina for the separation 
of squalene and cholesterol. The extract was rinsed onto the 
column with 20 ml. of petroleum ether, squalene was eluted with 
100 ml. of 10 per cent benzene in petroleum ether, and the re- 
maining nonsaponifiable materials, including cholesterol, were 
recovered with 140 ml. of acetone and ether (1:1). 

Extraction and chromatography of the tritiated nonsaponifi- 
able lipides from their single large hydrolysate were carried out 
with proportionately larger volumes of solvents and alumina. 

Squalene—The squalene fraction was assayed directly for Ci“ 
activity. In some cases, the squalene was mixed with 15 to 20 
mg. of nonradioactive carrier squalene' and purified by for- 
mation and crystallization of the derivative squalene hexahy- 
drochloride by a modification of the method of Heilbron et al. 
(14). The diluted squalene was treated for 30 minutes with 
1.0 ml. of dry acetone previously saturated with HCl at —5 to 
—10°. HCl gas was continuously bubbled through the mixture 
in order to maintain saturation and to provide stirring. A 
flocculent precipitate of crude squalene hexahydrochloride 
began to appear in 3 to 5 minutes. Still at the same tempera- 
ture, the solvent was evaporated under a vigorous flow of ni- 
trogen. The solid residue was washed by centrifugation twice 
with 0.3 ml. of cold absolute alcohol and twice with 0.2 ml. of 
cold dry ether. The colorless residue was digested for 5 minutes 
at 50° in 1.0 ml. of acetone and rapidly centrifuged, and the 
pure product was crystallized from the supernatant fluid. 
In Experiment C (Fig. 1), each of the squalene samples was 
assayed both directly and after conversion to squalene hexa- 
hydrochloride. The lack of change in total radioactivity after 
this procedure indicates that the crude chromatographic fraction 
is free from labeled impurities. 

The tritium-labeled squalene isolated from 180 gm. of liver 
was also purified by formation of its hexahydrochloride de- 
rivative, but without the addition of unlabeled carrier squalene. 


1Shark squalene, generously supplied by the Distillation 
Products Industries, Rochester, New York, was redistilled in 
vacuo three times to obtain a colorless product. 

2 The authors are indebted to Mr. W. D. Bascom for assistance 
in developing this method for the purification of squalene. Micro- 
analysis of samples of squalene hexahydrochloride prepared in 
this way yielded theoretical values for the percentages of carbon 
hydrogen, and chlorine. 


Vol. 233, No. 1 


The final crystalline product weighed only 1.5 mg., which pro- 
vided enough, however, for the determination of specific activity. 
As evidence of identity, this product showed the partial melting 
points at 107° and 140°, which are characteristic of the major 
isomers of squalene hexahydrochloride (14). 

Cholesterol—Cholesterol and other compounds were collected 
from the second chromatographic fraction by precipitation with 
digitonin and accurately diluted with a weighed amount (ap- 
proximately 80 mg.) of nonradioactive cholesterol digitonide. 
The mixed digitonides were split with pyridine (15), and the 
recovered cholesterol was purified by the procedure described by 
Fieser (16) for the passage of cholesterol through its dibromide 
derivative. This method was greatly reduced in scale, approxi- 
mately 20 mg. of material being used, but the only significant 
modification in the procedure was that the crude dibromide was 
washed four times by centrifugation with a total volume of 2.0 
ml. of glacial acetic acid. This method, when tested at starting 
levels with from 5 to 1000 mg. of cholesterol contaminated with 
radioactive steroids of high specific activity, was found to provide 
equally effective purification over this entire range. 

Radioactivity Assays—The squalene fractions from the alumina 
columns were dried under nitrogen in stainless steel cup planchets 
and measured at zero thickness in a windowless proportional 
flow counter. Cholesterol samples were counted as digitonides, 
as previously described (13). The crystallized squalene hexa- 
hydrochloride was assayed in a manner similar to that used with 
cholesterol, a suitable flocculent precipitate being obtained by 
adding 3.0 ml. of distilled water to a clear solution of the squalene 
derivative in 7.0 ml. of acetone. All measurements of Ci were 
corrected by empirical factors to standard counting conditions in 
which the over-all efficiency was 7.1 per cent (i.e. I me. = 1.6 X 
10° c.p.m.). 

Tritium assays were made with a methane proportional type 
counter, as previously described (17). 


RESULTS 

Labeling in Vivo of Squalene and Cholesterol in Liver Tissues— 
Fig. 1 shows the results of three experiments in which the total 
activity incorporated into the squalene and cholesterol of 1 gm. 
of rat liver was determined at times up to 31 minutes after an 
intravenous injection of 5.6 wmoles of acetate-1-C". Acetate 
administered in this small quantity acts as a tracer dose since 
it is rapidly consumed and disappears from the circulation and 
liver with a half-time of less than 1 minute (18), and since it does 
not flood the acetate pool within the body tissues (19). Further- 
more, less than 1 per cent of the injected radioactivity appears 
in hepatic squalene and cholesterol. The curves in Fig. 1, 
which are freely drawn through the experimental points, are 
distinctly different for these two compounds. In each experi- 
ment the activity in squalene quickly reached a maximal value, 
from which it descended rapidly at first and then more slowly 
toward a low residual level. The activity in cholesterol, on the 
other hand, produced a sigmoid curve which leveled off toward its 
highest point. 

Both the downward slope in the curves for squalene and the 
leveling of activity in cholesterol reflect the early depletion of 
their labeled precursor, C™-acetate, in the tissue. The steep 
decline of activity in squalene further implies that this compound 
has a high rate of turnover. The pair of curves in each experi- 
ment shows that the peak and fall of the squalene activity 
precede the maximal slope and flattening of the cholesterol curve. 
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Fic. 1. Labeling of squalene and cholesterol in vivo in liver 
biopsies. The rats used in these experiments weighed: Experi- 
ment A, 130 gm.; Experiment B, 120 gm.; Experiment C, 160 gm. 
Each rat was injected intravenously at zero time with 1.6 X 10° 
e. p. m. of sodium acetate-1-C™. © squalene, X cholesterol. 


This feature is a dynamic requisite of the proposition that 
squalene is an intermediary precursor in the biosynthesis of 
cholesterol. 

Incorporation in Vitro of C™-Acetate into Squalene and Choles- 
terol in Cell-Free System—Fig. 2 shows the course of the in- 
corporation of C-acetate into squalene and cholesterol during 
the incubation of a preparation of rat liver containing only 
microsomes and soluble cell components. After an initial 
lag period, a steady increase was found in the activity of both 
compounds. Cie was found in squalene as early as 7 minutes. 
No activity was detected in cholesterol before 11 minutes of 
incubation, when the value was still only one-third that of 
squalene. Ci activity in cholesterol accumulated much more 
quickly thereafter, however, and exceeded the squalene in total 
counts per minute at times beyond 14 minutes. 

Labeling in Vivo of Hepatic Squalene and Cholesterol from 
Tritiated Body Water—Table I shows the specific activities 
attained by the hydrogen atoms in hepatic cholesterol and 
squalene after 21 days of equilibration to tritium-labeled body 
water of constant specific activity. The half-time of cholesterol 
equilibration in rat liver, 4 to 6 days (17, 20-22), implies a 90 to 
97 per cent equilibration in 21 days. Thus, the final specific 
activity of cholesterol hydrogen atoms would have reached a 
value approximately 55 per cent of the specific activity of the 
hydrogen atoms in the body water (Table I). This result agrees 
well with the corresponding estimate of 50 per cent measured in 
rats (22) and mice (23) with deuterium-labeled body water. 

The much lower specific activity of the hydrogen atoms in 
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Fic. 2. Labeling of squalene and cholesterol in vitro in a cell- 
free homogenate of rat liver. Each point represents the average 
of duplicate incubations of the preparation with 4.3 X 10¢¢.p.m. 
of sodium acetate-1-C™. In the insert, the ordinate is magnified 
20-fold in order to show the first 20 minutes in greater detail. O 
squalene, X cholesterol. 


Taste I 
Incorporation in vivo of tritium into hepatic squalene and 
cholesterol from labeled body water 
Specific activity“ of hydrogen atoms 
Body water | Hepatic 
38.5 20.5 9.5 
39.3 18.2 
36.0 21.0 
39.0 20.0 
Average 38.2 19.9 9.5 


* Microcuries of tritium per gm. of hydrogen. 


squalene is of particular significance in the present studies. This 
figure implies that the over-all rate of turnover of hepatic squalene 
is very slow, possibly even slower than that of the hepatic choles- 
terol. This result, although based on only a single experiment 
in vivo, confirms the similar finding in vitro of Popjäk (11). 
Measurement of Squalene Concentration in Rat Liver—For 
use in subsequent calculations the concentration of squalene in 
rat liver was measured in duplicate determinations by the tech- 
nique of isotopic dilution. Two collections of pooled liver 
tissues, weighing 104 and 108 gm., from year-old rats (average 
body weight, 450 gm.) were hydrolyzed after addition of exactly 
14.0 mg. of freshly rechromatographed C-labeled squalene. 
The specific activity of this labeled carrier squalene in two 
measurements of its hexahydrochloride derivative was 80.4 
and 81.0 (average, 80.7) c.p.m. per mg. of squalene. The com- 
bined carrier and endogenous squalene from both collections of 
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liver tissues was extracted, chromatographed, also converted to 
the hexahydrochloride, and counted. Their specific activities 
were 67.8 and 66.9 c.p.m. per mg. of squalene, respectively. 
From these data the quantities of unlabeled squalene in the 
pooled livers were calculated to be 2.7 and 2.9 mg. Thus, the 
initial concentration of squalene in the tissue was approximately 
26 ug. of squalene per gm. of fresh liver. This result is in excel- 
lent agreement with the value of 25 ug. per gm. of liver deter- 
mined colorimetrically by Langdon and Bloch (2). 


DISCUSSION 


The technique of multiple biopsies of the liver has made 
it possible to follow a metabolic process in vivo (Fig. 1). The 
method is particularly suitable for determining the interde- 
pendent behavior of related compounds, such as squalene and 
cholesterol, in an actively metabolizing system. In contrast to 
the type of experiment in which many animals are used to estab- 
lish the curves of a time-varying relationship, this method is 
independent of the effects of biological variability among ani- 
mals. It is evident (Fig. 1) that this variability could be great 
enough to obscure the dynamic relations between the paired 
curves for squalene and cholesterol. Here, however, the curves 
of both pairs must be significantly related to each other, since 
they represent the metabolic events within a single animal. 
Possible variations within this technique may arise from such 
sources as nonuniform circulation and utilization of the in- 
jected acetate, lack of metabolic homogeneity among the separate 
lobes of the liver, and hypoxia resulting from anesthesia or 
surgical intervention. Hypoxia, for example, may be partly 
responsible for the relatively high activity in squalene in Experi- 
ment A, since it is known (12) that a reduced oxygen supply 
can inhibit the conversion of squalene to cholesterol. In spite 
of these variables, consistent results have been regularly ob- 
tained. 

The curves in Fig. 1 demonstrate the fall in activity of squalene 
and the cessation of C accumulation in cholesterol that fol- 
lows the rapid depletion (18) of injected acetate-1-C". It is 
evident from the short time required to stabilize the total activity 
in cholesterol that only a few minutes are needed for the clearance 
of labeled molecules from all of the intermediary precursors of 
cholesterol. Since only tracer quantities of acetate were used 
in these experiments, this observation implies a rapid metabolic 
turnover at every intermediary stage in the biosynthesis of 
cholesterol. The disappearance of activity from squalene, 
indicating directly the rapid turnover of the labeled molecules of 
squalene, indicates this characteristic behavior of an intermediary 
compound. 

The experiments shown in Fig. 1 further demonstrate the 
correlation between the labeling of squalene and cholesterol. 
Under conditions in which the rate of synthesis of cholesterol 
remains essentially constant, the region of maximal slope in 
the curves for cholesterol can be identified with the simultaneous 
existence of a maximal difference between the specific activities 
of cholesterol and its immediate precursor. Since the turnover of 
cholesterol is very much slower than that of its precursors, its 
specific activity at these short times is quite negligible in com- 
parison. Thus, these maximal slopes actually imply a maximal 
specific activity of the immediate precursor of cholesterol. 
Before such a time, the specific activity of every other inter- 
mediate precursor of cholesterol must have passed through a 
corresponding maximum. Since the peak values of total ac- 
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tivity in squalene, reflecting its specific activity, occur signifi- 
cantly earlier than the steepest slopes in the curves for choles- 
terol, it is further established that the turnover of hepatic 
squalene is not only rapid, but also rapid enough to enable this 
compound actually to function as a direct precursor in the bio- 
synthesis of cholesterol. 

These observations, in accord with the findings of other 
investigators (2-10), support the view that squalene is an inter- 
mediate in the biosynthesis of cholesterol. The quantitative 
relation, however, between the curves for squalene and choles- 
terol in each of the experiments in vivo (Fig. 1) demonstrate 
certain limitations in the metabolic behavior of squalene. From 
the measurements of the rate of turnover of hepatic cholesterol 
in the intact normal rat (17, 20-22) it can be calculated that the 
rate of synthesis of cholesterol is approximately 0.2 yg. per gm. 
of liver per minute. At the points of maximal slope, the curves 
for cholesterol show rates of incorporation of C™ into cholesterol 
of 500 to 700 c. pm. per gm. of liver per minute. Division of 
these figures by the expected rate of synthesis indicates that the 
new cholesterol accumulating at these times must have had a 
specific activity at least as high as 2500 to 3500 ¢.p.m. per ug. 
On the other hand, the corresponding specific activity of the 
squalene in the tissue may be estimated by dividing its peak 
values of total activity, 1600 to 4300 ¢.p.m., by its concentra- 
tion, which was measured in these studies as approximately 26 
ug. per gm. of liver. This calculation indicates specific activities 
for squalene of only 60 to 170 e. pm. per wg. Thus, squalene 
appears to have a specific activity far too low to be a precursor 
of the cholesterol with a more than 20-fold higher specific ac- 
tivity. It should be noted, however, that a uniform distribution 
of activity throughout hepatic squalene has been assumed in the 
calculation of its specific activity. Popjäk (11), who reported 
results in vitro exactly analogous to these, suggested that the 
labeled molecules of squalene might be mixed with only a small 
fraction of the total hepatic squalene. In this case, a portion 
of the squalene could have the high specific activity required for 
the synthesis of cholesterol and could function as a true inter- 
mediary pool. Such an explanation is consistent both with the 
present data and with all the evidence favoring the direct role of 
squalene in steroid biosynthesis. 

The above concept that hepatic squalene is metabolically in- 
homogeneous has been supported only indirectly as the alter- 
native to rejecting the hypothesis that squalene is an obligatory 
precursor of cholesterol. The present studies, however, have 
demonstrated the rapid labeling and turnover of at least part of 
the hepatic squalene. On the other hand, the data in Table I 
show that the over-all rate of turnover of squalene in liver is very 
slow. From these observations of two different metabolic 
rates it must be concluded that hepatic squalene is divided into 
pools of different metabolic activity. 

The short time required to stabilize the total activity in 
cholesterol (Fig. 1), which was pointed out earlier to demonstrate 
the rapid turnover of intermediary compounds, also places a 
limitation on the total quantity of these active precursors. Dur- 
ing this interval, which is at most 10 to 15 minutes, the labeled 
intermediates are completely displaced. The amount of choles- 
terol formed in this period, about 2 to 3 ug. per gm. of liver, rep- 
resents, therefore, the maximal composite size of all of those 
intermediary pools between acetate and cholesterol. Similarly, 
the difference in time, 3 to 5 minutes, between the peak values in 
the curves of squalene and the points of maximal slope in the 
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curves of cholesterol represents the average time for the meta- 
bolic conversion of squalene to cholesterol. Thus, the total 
amount of intermediary precursors in the stages following squal- 
ene is not more than the amount of cholesterol synthesized in 
this time, approximately 1 yg. per gm. of liver. These observa- 
tions demonstrate the need to be certain of the concentration of 
squalene in rat liver. The established value, 26 ug. per gm. of 
liver, is clearly many times too large to participate as a single 
pool in the series of intermediary steps in the biosynthesis of 
cholesterol. 

From these considerations it is apparent that hepatic squal- 
ene is divided metabolically into functionally different pools. 
Of these, one is probably directly engaged in the mechanism of 
cholesterol formation. This active pool would be the primary 
recipient of C™ activity and, being less than I yg. per gm. of 
liver in size, could possess the high rate of turnover and the high 
specific activity required of a true precursor of cholesterol. The 
remaining major fraction of hepatic squalene must be relatively 
inert, with at most a very slow exchange of molecules with the 
active pool. 

Many of the observations regarding the relations between 
squalene and cholesterol that have been mentioned above are 
reinforced by the time study in vitro (Fig. 2). This experiment 
shows that the squalene in a cell-free homogenate of rat liver was 
labeled from C"-acetate several minutes before detectable 
activity was recovered in the cholesterol fraction, as should be 
expected of an intermediary precursor. In this experiment, in 
contrast to the studies in vivo, the labeled acetate supply was 
continually in excess. Thus, intermediates having a high rate 
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of turnover should equilibrate quickly to a maximal specific ac- 
tivity. Since the rate of accumulation of C into cholesterol 
became essentially linear within a few minutes after its activ- 
ity was first detected, this kind of rapid equilibration is implied, 
and hence the rapid turnover of all of the intermediary pool 
between acetate and cholesterol is confirmed. In view of this 
conclusion, the steady rise of activity observed in the squalene 
fraction is suggestive of a slow transfer of labeled molecules to 
a metabolically inert residue. 


The dynamic relations between squalene and cholesterol in 
rat liver have been investigated both in vivo and in vitro during 
the biosynthesis of cholesterol from acetate-1-C" and from 
tritium-labeled water. 

Turnover rates in hepatic squalene indicate a metabolic 
separation of this compound into relatively active and inert 
components. The active component has been demonstrated to 
become labeled prior to cholesterol, to possess a rate of turnover 
sufficiently rapid to function as a direct precursor of cholesterol, 
and to constitute no more than a small fraction of the total 
hepatic squalene. 
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Our previous experiments on the mechanism of action of 
estradiol (1-5) had led to the hypothesis that the soluble protein 
fraction (Str. ob) of homogenates of human placenta contains a 
DPN.. linked isocitric dehydrogenase that is activated by 
minute amounts of estrogen added in vitro. The same fraction 
when incubated with TPN instead of DPN showed marked 
TPN-linked isocitric dehydrogenase activity, but the rate of this 
reaction was unaffected by the addition of estradiol. In the 
course of attempts to purify the estrogen-sensitive enzyme, it 
was found that the protein precipitated from Ss;,000 by 30 per 
cent saturation with ammonium sulfate had no activity alone; 
it would not oxidize isocitrate when DPN was present in either 
the presence or the absence of estradiol. The protein pre- 
cipitated by between 30 to 60 per cent saturated ammonium 
sulfate contained what appeared to be a DPN-linked isocitric 
dehydrogenase that showed only a slight response to added 
estrogen. However, when these two fractions were mixed 
together and isocitrate was added as the substrate, there was 
rapid DPN reduction in the presence of estradiol and much 
less DPN reduction when no estradiol was added. ATP was 
found to increase greatly the magnitude of the estrogen effect, 
and ADP was recovered from the incubation material at the 
end of the incubation period and identified by paper chro- 
matography. Further attempts at purification were consistently 
unsuccessful. These data were interpreted as being consistent 
with the theory that the 0 to 30 per cent ammonium sulfate 
fraction contained an “activating enzyme,” that the 30 to 60 
per cent fraction contained the isocitric dehydrogenase, and 
that the hormone stimulated the activating enzyme to convert 
an inactive form of the isocitric dehydrogenase to an active 
form. This was analogous to the theory postulated by Rall 
et al. (6) on the activation of phosphorylase by epinephrine. 

Talalay and Williams-Ashman (7) confirmed our observation 
that estrogen stimulates the isocitric dehydrogenase system. 
They found that catalytic amounts of TPN are required for 
restoring the activity of placental preparations that do not 
respond to estrogens. They further found that an estrogen 
stimulation of the dehydrogenation of glucose-6-phosphate was 


* This investigation was supported by grants from the Charles 
A. King and Marjorie King Fund and by research grant No. 
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1The abbreviations used are: DPN, diphosphopyridine nucle- 
otide; TPN, triphosphopyridine nucleotide; ATP, adenosine 
triphosphate; ADP, adenosine diphosphate; DPNH and TPNH, 
reduced di- and triphosphopyridine nucleotide, respectively; 
Tris, tris(hydroxymethy])aminomethane; compound C, 1 ,3-di-p- 
hydroxypheny] propane. 


demonstrable in the presence of substrate amounts of DPN 
and catalytic amounts of TPN, and they suggested that estradiol 
affects a transhydrogenation reaction between di- and tri- 
phosphopyridine nucleotides: 

TPNH + DPN* + H*+ = DPNH + TPN* + H/ 


They postulated that the estrogens stimulate the trans- 
hydrogenation reaction by way of a reversible oxidation-reduc- 
tion reaction involving estrone and estradiol: 


Estradiol + DPN* = DPNH + H“ + estrone 
Estrone + TPNH + H* = TPN* + estradiol 


Sum: DPN* + TPNH + H* = TPN* + DPNH + H* 
This formulation implies that the estrogen-sensitive transhy- 
drogenase is the same enzyme as the estradiol-178 dehydrogenase 
described by Langer and Engel (8). 

METHODS 

Human placentas obtained directly from the delivery room 
were washed in copious amounts of ice-cold 0.15 m sodium 
chloride, cut into small pieces, and rapidly dissected to remove 
connective tissue. The resulting tissue was then homogenized 
with 4 volumes of 0.25 M sucrose or 0.155 M potassium chloride, 
either in a small glass vessel with a Teflon pestle or in a Waring 
Blendor for 30 seconds at 60 v. The homogenate was cen- 
trifuged at 2000 X g for 10 minutes in the cold in order to 
remove cellular debris. The supernatant fluid was centrifuged 
in a Spinco model L preparative ultracentrifuge for 60 minutes 
at 57,000 x g. The resulting supernatant solution (Su. 600) 
was then fractionated by the addition of solid ammonium sulfate 
at 0° to the appropriate degree of saturation. The precipitated 
proteins were recovered by centrifugation in the cold at 8000 x g 
for 15 minutes. They were then dissolved in Tris or phosphate 
buffers for further use. 

The DPN and TPN used were obtained from the Pabst 
Laboratories, Milwaukee. Both were of 90 per cent purity, 
and neither was contaminated by the other. Yeast isocitric 
dehydrogenase was prepared by the method of Kornberg and 
Pricer (9). Glucose-6-phosphate, glucose-6-phosphate de- 
hydrogenase, and hexokinase were obtained from the Sigma 
Chemical Company, St. Louis. 

The reduction of pyridine nucleotide was measured in a 
Beckman model DU spectrophotometer at 340 my with silica 
or Corex cuvettes of 1 cm. light path. Kinetic studies were 
carried out with a photometer (10) attached to a Brown re- 
cording potentiometer, Model 153-x-10V-X-20F 1. 
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The constants Ky, X., and @ were calculated as described pre- 
viously (11), but in the present experiments a dialyzed Sc. 000 
preparation instead of a purified enzyme preparation was used. 


Requirement for Catalytic Amount of TPN—Cuvettes were 
prepared containing the protein precipitated by 40 per cent 
saturation with ammonium sulfate from the soluble fraction of 
the placenta, substrate amounts of DPN (1.5 umoles), and 10 
pmoles of Mn, made to a total volume of 3 ml. with water. 
When no substrate was added (Fig. Ia), there was no reduction 
of DPN either in the presence or in the absence of added estradiol 
(final concentration 4 Xx 10-* st). A catalytic amount of TPN 
(0.075 umole) was added when the reaction had proceeded for 
20 minutes; no reduction of pyridine nucleotide occurred. 
In the presence of the 0 to 40 per cent saturated ammonium 
sulfate fraction, 1.5 ymoles of DPN, Mn“, and 6 ymoles of 
dl-isocitrate, there was essentially no reaction in the presence 
or absence of estradiol (Fig. 1b). When TPN (0.075 umole) 
was added, a rapid reduction of pyridine nucleotide was ob- 
served in the presence of estradiol and a much less rapid one in 
the absence of estradiol. With 3 umoles of glucose-6-phosphate 
instead of isocitrate as the substrate (Fig. lc), a similar result 
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was obtained. There was no reduction of pyridine nucleotides 
in the presence or absence of estradiol until a catalytic amount 
of TPN was added. Then estradiol greatly increased the rate 
of reduction of pyridine nucleotide. These results confirm 
exactly the observations of Talalay and Williams-Ashman (7). 

Coupling of Yeast TPN-Isocitric Dehydrogenase with Trans- 
hydrogenase—Experiments were also performed with a purified 
preparation of the TPN-linked isocitric dehydrogenase from 
yeast, free of DPN-linked activity, and with the fraction ob- 
tained from the placenta by a 0 to 30 per cent saturation with 
ammonium sulfate. A control experiment (Fig. 2, Curve 2) 
shows that the latter fraction has no DPN-linked isocitric 
dehydrogenase activity of its own. A separate assay showed 
that the placental fraction contained less than 1 per cent of the 
TPN-isocitric dehydrogenase activity originally present in the 
Ssz,000. When the two enzyme preparations are mixed together 
in the presence of substrate amounts of DPN and catalytic 
amounts of TPN, an effect of estradiol in increasing the rate 
of reduction of DPN is readily demonstrable (Fig. 2, Curve 1). 
These experiments also support the hypothesis that estradiol 
activates a transhydrogenase rather than an isocitric dehy- 
drogenase 


Coupling of Glucose-6-Phosphate Dehydrogenase with Trans- 
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Fic. 1. Effect of estradiol on reduction of pyridine nucleotides by enzymes precipitated from placental S preparations by ad- 
dition of ammonium sulfate to 40 per cent saturation. Protein was redissolved in 0.1 M Tris buffer, pH 7.4. Each cuvette contained 
1 ml. of protein in Tris buffer, 1.5 umoles of DPN, and 10 uwmoles of Mn**. One cuvette of each pair contained estradiol, final con- 
centration 4 X 10. Fig. Ia, results when no substrate was added; Fig. Ib, results when 6 uwmoles of dl-isocitrate were added; and 
Fig. lc, results when 3 wmoles of glucose-6-phosphate were added. Total volume in each cuvette was 3 ml. 
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Fic. 2. Transhydrogenase activity in the presence of yeast 
TPN.-isocitric dehydrogenase. Both cuvettes contained, in a 
total volume of 4 ml., 1.2 mmoles of Tris buffer, pH 7.4, 10 umoles 
of MgCl, 4 wmoles of DPN, 8 umoles of dl-isocitrate, and 0.2 ml. 
of enzyme solution (30 per cent ammonium sulfate precipitate 
from 87. %). In addition, Cuvette 1 contained 0.1 ml. of the 
yeast enzyme and 0.1 ymoleof TPN. Estradiol-178 was added at 
the times indicated to give a final concentration of 3 X 10 M. 
Curves were redrawn from the recorder plot. 


hydrogenase—To obtain an estimate of the activity of a TPN- 
linked enzyme by means other than the reduction of pyridine 
nucleotide, the glucose-6-phosphate dehydrogenase system 
and labeled glucose were used. Placental Ss:,00 or the 0 to 
40 per cent saturated ammonium sulfate fraction dissolved in 
Tris buffer was incubated in the Warburg vessels with glu- 
cose-1-C“" or glucose-6-C", hexokinase, 1 ymole of ATP, 
1.5 umoles of DPN, with or without 0.075 ymole of TPN, 
with or without estradiol, in a total volume of 3 ml. In the 
first experiments, yeast glucose-6-phosphate dehydrogenase 
(Zwischenferment, Sigma) was also added, but this proved to be 
unnecessary and was omitted in later experiments. There is 
enough glucose-6-phosphate dehydrogenase in the placental 
preparations so that this step is not rate-limiting. The enzyme 
was tipped in from the side arm of the flask at zero time. The 
center well of the vessel contained 5 per cent CO,-free sodium 
hydroxide. After a 1 hour incubation at 37°, the carbon dioxide 
produced was recovered from the center well and precipitated 
as barium carbonate. It was transferred to stainless steel 
planchets and counted in a windowless proportional flow counter. 
Aliquots of the incubation medium were analyzed for total 
reducing substance by the method of Nelson (12). Glucose 
from other aliquots was precipitated as the phenylosazone 
and was analyzed for its C content. The amount of radio- 
activity in the carbon dioxide produced from glucose-1-C™ 
showed a slight estrogen effect in the absence of added TPN 
and a much greater one in the presence of catalytic amounts of 
TPN (Table I). In contrast, the amount of G, produced 
from glucose-6-C™ was very small and was unaffected by the 
addition of either TPN or estrogens. Other aliquots of the 
incubation medium were placed in cuvettes, and the amount of 
reduced pyridine nucleotide was measured in the spectropho- 
tometer at 340 my (Table I, Column 3). These experiments 
provide further confirmation of the hypothesis that estrogens 
affect a transhydrogenase. 

Coupling of Transhydrogenase with DPN-Linked Enzymes—lf 
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TABLE I 
Effect of estradiol on metabolism of glucose - -C 
and glucose g- CW by placental preparation 


Additions to system Glucose-. C. Glucose6-C™! Pyridine 
converted to nucleotide 

DPN TPN Estradiol COs co. reduced 

pmoles pmole mpmoles mmoles mpmoles 
1.5 0.0 0.0 64 0.7 2.32%0.2 |) 582 7.7 
1.5 0.0 0.011 114 2.9 2.320.2 Slt 9.8 
1.5 0.075 0.0 53% 5.5 2.240.2 73% 5.6 

1.5 0.075 0.011 120211 2.440.2 | 128413 


* Each figure represents the mean + standard error of 10 de- 
terminations, expressed as millimicromoles per hour per vessel. 


estrogens stimulate a transhydrogenase, and if the trans- 
hydrogenation reaction is readily reversible, then an enzyme, 
which requires DPN and is supplied with substrate amounts 
of TPN, catalytic amounts of DPN, and the fraction from the 
placenta containing the transhydrogenase, should be stimulated 
by estrogen added in vitro. To test this prediction experiments 
were conducted with both lactic dehydrogenase and alcohol 
dehydrogenase. It is known from other experiments (13) that 
there is lactic dehydrogenase in the soluble protein fraction of 
the placenta. Samples of crystalline alcohol dehydrogenase 
from yeast and from liver were generously provided by Dr. 
Bert Vallee. It has not been possible to demonstrate an estrogen 
stimulation of lactic dehydrogenase in either the forward di- 
rection (lactate + DPN* — pyruvate + DPNH + H“) or 
in the reverse direction, and it has not been possible to demon- 
strate an estrogen stimulation of aleohol dehydrogenase. Each 
sample of placental transhydrogenase was tested for its ability 
to couple with glucose-6-phosphate dehydrogenase. The prepa- 
rations clearly contained lactic dehydrogenase or alcohol de- 
hydrogenase activity, but neither enzyme was affected by the 
addition of estradiol-178 or estrone (Fig. 3). The curves in 
Fig. 3 show that when substrate quantities of DPN are sub- 
sequently added, pyridine nucleotide reduction occurs rapidly. 
The stimulation of the lactic dehydrogenase-DPN oxidase 
system of the rat uterus by estrogens administered in riro (14) 
might be explained by the transhydrogenase theory, but in these 
experiments we were unable to demonstrate a coupling of trans- 
hydrogenase and lactic dehydrogenase. 

Differentiation between Transhydrogenase and Isocitric De- 
hydrogenase as Site of Action of Estrogen—The fact that an 
estrogen stimulation of glucose-6-phosphate dehydrogenation 
can be demonstrated in the presence of catalytic amounts 
of TPN is strong evidence for the transhydrogenase theory. 
If the role of estrogen is to speed up transhydrogenation, that is, 
to convert TPNH and DPN to TPN and DPNH, then the 
estrogen effect should be obliterated in the presence of high con- 
centrations of both DPN and TPN. It had been shown pre- 
viously (3) that no estrogen effect was demonstrable in the 
presence of TPN alone. In contrast, if estrogen affects a DPN 
isocitric dehydrogenase directly, and if isocitrate concentration 
is not rate-limiting, then an estrogen effect should be evident 
in the presence of DPN even when high concentrations of TPN 
are added. The experiments summarized in Table II, in which 
both pyridine nucleotide reduction and a-ketoglutarate pro- 
duction were measured, show that the former prediction is 
realized. This constitutes further evidence that a transhy- 
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Fic. 3. Effect of estradiol on the reduction of pyridine nucleotides by enzymes precipitated from placental S preparations by 
the addition of ammonium sulfate to 40 per cent saturation. The curve at the left was a test of the enzyme preparation to show that 
estrogen-stimulable transhydrogenase activity was present. The conditions were identical with those of Fig. le; glucose-6-phosphate 
was the substrate. The curves on the right were obtained with the same enzyme preparation, ethanol as the substrate, 1.5 uwmoles of 
TPN, and 10 wmoles of Mn**. One cuvette contained 4 X lO“ uw estradiol. At the times indicated, yeast alcohol dehydrogenase (ADH), 
0.075 umole of DPN, 1.5 umoles of DPN, and 0.011 smole of estradiol were added. 


TABLE Il 
Effect of varying concentrations of DPN and TPN on 
estrogen-sensilive enzyme system of non particulate 


fraction of placenta* 
Ketoglutarate produced Pyridine aucleotide reduced 
No estradiol Estradiol No estradiol Estradiol 
pmoles pmoles pmoles pmoles pwmoles 
1.5 0.0 0.33 0.51 0.19 0.36 
1.5 0.075 0.32 0.52 0.17 0.40 
1.5 0.375 0.41 0.50 0.22 0.45 
1.5 0.75 0.74 0.75 0.54 0.54 
1.5 1.5 1.21 1.22 09% | 0.9 
0.0 1.5 1.02 1.07 0.77 0.80 
0.0 3.0 2.54 2.59 1.16 1.24 


* Each figure is the mean of six determinations. 


drogenase, not a DPN-linked isocitric dehydrogenase, is the 
enzyme most immediately affected by added estrogens. 
Determinations of Ku, XK, and @—The apparent dissociation 
constant of the estrogen-sensitive enzyme and the hormone 
(Kw) was determined by using Su. preparations in the present 


TABLE III 
Apparent dissociation constants of enzyme-estrogen complexes 
Compound Ku X 10° 
Estradiol-178 (Hagerman and Villee (11)).. 2.6 
Estradiol-178 (these experiments) 2.3 
| 2.3 


* Gift of Dr. G. Mueller, Madison, Wisconsin. 
t Gift of Dr. L. L. Engel, Boston, Massachusetts. 


series of experiments (Table III and Fig. 4). The value ob- 
tained was identical to the value obtained previously with a 
partially purified enzyme preparation (11). Furthermore, 
6-ketoestradiol, equilin, and equilenin all give essentially the 
same value for this constant, as would be expected from the fact 
that all of these compounds are equally effective in activating 
the estrogen-sensitive enzyme. 

The effects of three compounds with estrogenic or anti- 
estrogenic activity on the enzyme system are presented in 
Table IV. It is evident from these figures that 1 ,3-di-p-hydroxy- 
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phenylpropane (compound C-3) and bisdehydrodoisynolic acid 
are weak inhibitors of the estrogen-sensitive enzyme system in 
vitro. Estriol is a weak activator in the absence of added 
estradiol but is an inhibitor when estradiol is added to the 
system. 

The apparent dissociation constant, K, and the relative acti- 
vating ability, 0, of these same compounds are given in Table V. 
These constants were calculated from data such as those given 
in Fig. 5. The values of K, and @ for compound C-3 are very 
nearly the same as the values for stilbestrol (11). This would 
lead to the prediction that these two compounds have a similar 
degree of antagonism to the estrogen-sensitive system; com- 
pound C-3 proved to be slightly less active as an antagonist. 
The apparent dissociation constant for bisdehydrodoisynolic 


18 
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Fic. 4. Enzyme activity as a function of estradio’ concentra- 
tion. Each point is the mean of 21 or more determinations. 
The bars indicate one standard error. The line was determined 
by the method of least squares. 


TABLE IV 
Effects of estrogens and antiestrogens on estrogen-sensilive 
enzyme system of human placenta 
— 
Compounds Amount tested 
No estradiol- 179 
2 ./ umole pmole 
1,3-di-p-Hydroxyphenyl- 0 0.19 0.49 
propanet 33 0.07 0.28 
Estriol | 0 0.22 0.42 
3.3 0.34 0.38 
l-cis-Bisdehydrodoisynolic 0 0.31 0.60 
acid, methyl ester: 3.3 0.25 0.57 


* The figures represent micromoles of a-ketoglutarate produced 


per mg. of nitrogen per hour. 
t Gift of Professor E. Barany, Upsala, Sweden. 
t Gift of Dr. H. I. Hadler, Chicago. 
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acid is one order of magnitude less than that for compound C-3, 
but the two compounds have approximately the same value of 
6. Bisdehydrodoisynolic acid should be a more effective in- 
hibitor than compound C-3 or stilbestrol. Actually, it is similar 
in activity to compound C-3 (Table IV). 

Although estriol has a K, 100 times larger than estradiol its 
b is unity or greater (Table V). Thus it is not surprising that 
at low concentrations it can serve as an activator (Table IV) 
and at high concentrations as a weak inhibitor, of the estrogen- 
sensitive system. None of these results contradicts the original 
postulates from which Ky, K, and @ were derived. 


The experiments described here confirm and extend the 
observations of Talalay and Williams-Ashman (7) that the 
effect of estrogen is upon a transhydrogenase rather than upon 
an isocitric dehydrogenase. The apparent requirement of ATP 
for estrogen stimulation of our purified system is now explicable 
as a requirement for TPN. The soluble protein fraction of the 
placenta apparently contains a phosphokinase which can cata- 
lyze the reaction: 


DPN + ATP — TPN + ADP 


On the hypothesis that estradiol combines with an enzyme 
and activates it, the assumptions involved in defining Ky as 
the apparent dissociation constant of the enzyme-steroid com- 
plex were presented previously (11). It was pointed out then 
that the definition of Ky is formally identical with that of Kw, 
the classic Michaelis constant. The calculations of Kg were 
based on measurements of the production of a-ketoglutarate by 
an estrogen-sensitive enzyme system of the placenta which 
apparently catalyzed the reaction: 


Isoeit rate + DPN* — DPNH + H* + CO: + a-ketoglutarate (1) 


If the estrogen exerts its effect as an activator of an inactive 
enzyme, as we postulated previously, then the definitions of 
Ku, XK, and 6, and the deductions made from the numerical 
values of these constants, remain valid but modified, in that 
the estrogen-sensitive enzyme is a transhydrogenase rather than 
an isocitric dehydrogenase. In this case, the transhydrogenase 


TABLE V 
Apparent dissociation constant, K,, and relative activating ability, 
0, of certain antiestrogens 


Compound Concentration Kr 6 

1,3-di-p-Hydroxyphenyl- 3.4 x 10% 3.2 X 10% 0.67 
propane 1.7 Xx 10 5.0 Xx 10% 0.40 
3.4 X 10° 9.0 Xx 0.36 
|-cis-Bisdehydrodoisynolic 1.1 X 10 | 6.3 Xx 10° 0.23 
acid, methyl ester 1.1 Xx 10°* 12.8 X 10” 0.69 
1-Methyl estrone* 3.5 X 10% 2.8 X 10° 0.48 
1. 7 X 10% 7.6 Xx 10° 0.79 
Est riol 1.2 X 10% 2.2 X 10 1.43 
1.2 x 10% 1.9 X 10-* 0.92 

* Gift of Dr. A. Segaloff, New Orleans. 
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Fic. 5. Enzyme activity as a function of estradiol concentra- 
tion in the presence of an inhibitor. @ compound C-3; O estriol. 
Each point is the mean of seven or more determinations. The 
lines were fitted by the method of least squares. 


activity of the system has been measured by coupling with the 
active TPN-isocitric dehydrogenase. 

If the hypothesis is correct that estradiol is a coenzyme of the 
transhydrogenase, then the Ky as defined becomes the Ky of 
the placental estradiol-178 dehydrogenase. However, the 
value for Ky calculated from a-ketoglutarate production is 
not necessarily numerically identical with the K y of the estradiol- 
178 dehydrogenase. 

Equation 1 under this hypothesis represents the sum of the 
three reactions indicated by Equations 2 to 4. 


DPN* + estradiol 


— DPNH + H* + estrone (2) 
TPNH + H* + estrone 
— TPN* + estradiol (3) 


TPN* + isocitrate 


— TPNH + H* + CO; + a-ketoglutarate (4) 


If, under the experimental conditions used, the velocity of 
the reaction of Equation 2 is much less than that of Equation 3, 
and the latter is much less than that of Equation 4, then Equa- 
tion 2 is the rate-limiting step, and Ky calculated from measure- 
ments of a-ketoglutarate production would be numerically 
equal to the Ky of the enzyme of the reaction of Equation 2, the 
estradiol-178 dehydrogenase. Direct measurements of the 
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rates of the reactions of Equations 2 and 3, under approximately 
the conditions existing during the measurement of Ky show, 
however, that the velocities of these two reactions are of the 
same order of magnitude and that the reaction of Equation 4 
is much more rapid. It was found previously (11) that Ky 
is independent of the concentrations of isocitrate and DPN. 
Determinations of Kg made in the presence or absence of 0.075 
umole of TPN show that Ky is not independent of TPN con- 
centration; the Ky calculated in experiments in which TPN 
was added is 14.5 x 10-* M, 6 times greater than that calculated 
in the absence of TPN. Thus the Ky calculated from these 
experiments is not identical with the Ky of the estradiol-178 
dehydrogenase, but is a complex constant related to the substrate 
Michaelis constants of both reactions (Equations 2 and 3). 
This interpretation does not invalidate Ku, Ky, and @ as arbi- 
trary parameters determined under standard conditions for the 
comparison of various estrogens and antiestrogens. 

A corollary of the hypothesis that estradiol is a coenzyme 
that is reversibly oxidized and reduced by the transhydroge- 
nase is that substances such as bisdehydrodoisynolic acid and 
stilbestrol are substrates for the enzyme and would be oxidized 
or reduced by it. Such a reaction seems improbable and sug- 
gests that our original hypothesis, that estrogen is bound to an 
enzyme and activates it, may be correct. The estrogenic 
activity of bisdehydrodoisynolic acid and stilbestrol in the intact 
animal is also not satisfactorily explained by the oxidation- 
reduction hypothesis unless a considerable modification of the 
compound before it becomes estrogenic is postulated. Distin- 
guishing between the two mechanisms will require the separation 
of the transhydrogenase activity from the estradiol-178 de- 
hydrogenase activity, or proof of their identity. Such studies 
are in progress. 

Transferring the site of action of estrogen from isocitric 
dehydrogenase to transhydrogenase does not vitiate the previous 
arguments regarding the physiological importance of the estro- 
gen-sensitive enzyme (15) but extends the effect to other TPN- 
requiring systems. 

SUMMARY 

Experimental evidence is presented which indicates that the 
estrogen-sensitive, diphosphopyridine nucleotide (DPN)-linked 
isocitric dehydrogenase described previously is a coupled enzyme 
system consisting of a true triphosphopyridine nucleotide (TPN)- 
linked isocitric dehydrogenase and what appears to be an estro- 
gen-sensitive transhydrogenase that catalyzes the reaction: 
reduced TPN + DPN — TPN + reduced DPN. Theestrogen- 
sensitive transhydrogenase can be coupled with yeast TPN- 
isocitric dehydrogenase or with glucose-6-phosphate dehydroge- 
nase. It was not possible, however, to demonstrate a coupling 
of the transhydrogenase with DPN-linked enzymes, e.g. lactic 
or alcohol dehydrogenase. 
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In a previous study (1) it was shown that the transfer of fed 
cholesterol-4-C™ to the lymph was very rapid; the peak of absorp- 
tion occurred in 6 to 8 hours, but cholesterol-4-C™ continued to 
appear in lymph up to 48 hours. There was considerable 
endogenous dilution of the fed cholesterol-4-C™ during its passage 
from the lumen to the lymph; this dilution was smallest during 
the period of rapid absorption. To explain satisfactorily these 
and other aspects of cholesterol absorption, it was postulated 
that the transfer of exogenous cholesterol from the lumen to the 
lvmph involves mixing with a pool of free cholesterol in the 
intestinal wall prior to its esterification. 

Although a major part of the absorbed cholesterol in lymph is 
in the esterified form, evidence has been presented that esterifi- 
cation may not be an obligatory step in cholesterol absorption 
(2-7). However, in our previous study (1), during the period 
of rapid absorption, up to 90 per cent of the cholesterol-4-C™ of 
the lymph was in the esterified form. If administered choles- 
terol-4-C™ is mixed with a pool of free cholesterol in the mucosa 
from which the cholesterol esters of the lymph are synthesized, 
the esterified cholesterol in the mucosa should have a specific 
activity comparable to the free cholesterol pool, and during the 
height of absorption there should be a chemical increase in the 
esterified cholesterol fraction in mucosa. The present investi- 
gation demonstrates the existence of such pools, explains the 
endogenous dilution of fed cholesterol-4-C™ in its transfer from 
the lumen to the lymph, the role of the esterification reaction in 
absorption, and the appearance of cholesterol-4-C" in lymph 
up to 48 hours. 


METHODS AND MATERIALS 


Treatment of Animals and Tissues—The experimental ani- 
mals were adult male rats, weighing 225 to 300 gm., of the 
Carworth strain, which had been maintained on Purina pellet 
chow (Ralston). The preparation and care of the thoracic 
fistula animals has been described (8). 24 hours after the 
operation, by intubation without anesthesia, each animal re- 
ceived 3 ml. of an aqueous emulsion containing 40 to 44 mg. 
of cholesterol-4-C" (0.5 ne.), 50 mg. of blood albumin, 292 mg. of 
oleic acid, 279 mg. of sodium taurocholate, and 150 mg. of glu- 
c. 

In Experiment I there were three groups of animals killed at 
6, 24, and 48 hours after receiving the test meal. Lymph and 


* This study was supported in part by research grants from the 
American Heart Association and the National Heart Institute 
(H-1897, H-2746), United States Public Health Service. 


feces were collected in the respective groups from 0 to 6, 0 to 24, 
and 0 to 48 hours. At the time the animals were killed, blood 
from the abdominal aorta, liver, and the small and large intestine 
were removed. The saline washings from the intestine were 
pooled with the feces of the respective animal. Lipide extracts 
of the intestine, liver, serum, lymph, and a nonsaponifiable 
lipide extract of the combined feces and intestinal contents were 
prepared according to procedures described earlier (1, 8). 

In Experiments 2, 3, and 4, lymph was collected from 0 to 6 
hours; the animals were killed and the intestinal tract was re- 
moved and divided into segments for analysis as indicated in 
Tables III, IV, and V. 

Methods Free and total cholesterol were determined colori- 
metrically by the method of Sperry and Webb (9). The gravi- 
metric sterol content of the feces plus intestinal contents and C. 
activity of the free, esterified, and total cholesterol fractions of 
all extracts were determined as previously described (1). To 
distinguish between the amounts of cholesterol determined 
chemically by the Sperry-Webb method and those determined 
by the radioactivity measurements, the abbreviations FC, 
EC, and TC will be used to designate the chemically determined 
free, esterified and total cholesterol fractions, respectively, and 
EC-C™, and TC-C", the corresponding fractions calcu- 
lated from the activity data. 


RESULTS 


The lymph data in Table I confirm the large endogenous 
dilution of fed cholesterol-4-C™ in its passage from the lumen 
to the lymph and the high percentage of EC and EC-C during 
the first 24 hours of absorption (1). At the end of the 6 hour 
absorption period 4.1 mg. of the fed cholesterol-4-C™ was present 
in the intestinal wall. This was somewhat greater than the 
amount of TC-C (3.5 mg.) in the lymph. The cholesterol-4- 
C™ of the intestinal wall was present mostly as FC-C™ (3.7 mg.), 
whereas the lymph during this period contained mostly EC-C™. 
After 24 hours there was considerable cholesterol-4-C™ in the 
wall of the intestine, but less than at 6 hours. After 48 hours 
there was still 1.5 per cent of the fed cholesterol-4-C™ in the 
intestinal wall. The decline from 24 to 48 hours in the choles- 
terol-4-C™ content (2.3 mg.) of the intestinal wall was approxi- 
mately equal to the 2.6 mg. transferred to the lymph during 


1 The abbreviations used are: FC, EC, and TC, chemically 
determined free, esterified, and total cholesterol fractions; FC- Ci“, 
EC-C™, and TC- Ci, corresponding fractions calculated from the 
activity data. 
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Taste I 
Cholesterol and cholesterol-4-C"* of lymph and intestine after the feeding of cholesterol-4-C™ 
activi 
Ne Time ro | ec | te | BE —— —— 
hrs. mg. mg. mg. mg. mg. mg. % % €.p.m./mg. | €.p.m./mg. % 
Lymph 

4 0-6 1.3 0.7 5.7 2.8 7.0 3.5 81.4 80.0 2402 2301 8.9 
40.449 40.2 41.4 40.8 +1.8 +1.0 +1.4 +3.0 +488 +288 +3.0 

4 0-24 4.4 1.6 17.6 6.6 22.0 8.2 80.0 80.5 1751 1791 20.5 
+1.6 +0.4 +6.0 +3.0 +7.6 +3.4 +4.6 +2.8 +440 +348 +11.0 

3 0-48 8.9 3.0 23.4 7.8 32.3 10.8 72.4 72.2 1715 1681 27.3 
+1.0 +2.2 +3.2 +2.2 +4.2 +4.4 +2.4 +3.2 14511 +366 +10.4 

Intestine 

4 6 18.7 3.7 2.2 0.4 20.9 4.1 10.5 9.8 922 827 10.3 
+1.4 +0.6 +0.8 40.2 +2.2 +0.8 +3.0 +2.6 +134 +104 +2.4 

4 24 16.9 2.6 2.1 0.3 19.0 2.9 11.1 10.3 748 614 7.3 
+1.2 +0.6 +0.6 +0.2 +1.8 +0.8 +3.2 +3.0 +90 +80 +2.2 

3 48 17.4 0.6 1.1 trace 18.6 0.6 5.9 0.0 191 SS 1.5 
+0.8 +0.2 +0.3 +1.1 +0.2 +1.4 +51 +24 +0.5 


* Collection time for lymph and time of sacrifice in hours after administration of test meal. 
t The cholesterol-4-C™ administered per rat was 39.7 mg. (4885 c.p.m./mg.). 


t Standard deviation of the mean. 
TABLE II 
Recovery of fed cholesterol-4-C™ 
Administered cholesterol-4-C™ recovered 
No ‘cholesterol 4, | Administered 
* recov 
ts 4-Cis total 
18 Ane Liver | Blood enden, 
tents 
| % 1% | % | % % 

4 6 8.9 10.3 0.11 0.1 63.6 16.7 99.7 
43.0 42.4 4&0. 1 40.1 26.0) 45.2 411.0 
4 24 20. 7.3 0.5 0.5 43.1 23.6 95.0 
411.0 42.2 40. 1 4&0. 1 44.4 44.4 410.0 
3 48 27.3 1. 0.3 0.3 36.1 20.7 86.2 
410.4 40.5 4&0. 1 4&0. 1 45.1) 43.4 47.3 


»The cholesterol-4-C administered per rat was 39.7 mg. 
(4885 c. p. m./ mg.). 
t Represents the time of sacrifice after test meal. 


this period. The elevation of the level and per cent EC at 6 
and 24 hours above the 48-hour value indicates increased esteri- 
fied cholesterol formation during the period of rapid absorp- 
tion. The specific activity data suggest that considerable 
endogenous dilution of the fed cholesterol-4-C™ occurred in the 
intestinal wall as would be expected from the chemical data. 
However, the specific activities of the free and esterified choles- 
terol fractions of the intestine were less than those of the cor- 
responding fractions of the lymph. These marked differences 
between the specific activities of the lymph and intestinal choles- 
terol seemed to be due to dilution by the cholesterol of the large 
intestine and perhaps areas of the small intestine not involved 
in cholesterol absorption. 

After 6 hours (Table II), 83 per cent of the cholesterol-4-C™ 
could be accounted for as digitonin precipitable sterols. Since 
part of the fed cholesterol-4-C" was not accounted for as the 
digitonide, the nonsaponifiable lipide extract of the feces and 


intestinal contents was further investigated; 16.7 per cent of the 
cholesterol-4-C™ had been transformed so that it was no longer 
precipitable with digitonin. The total recovery of fed choles- 
terol-4-C™, including this fraction, after 6 hours was 99.7 per 
cent. After 24 and 48 hours the total recoveries of 95.0 and 
86.2 per cent, respectively, indicated that some of the trans- 
formed cholesterol-4-C" had been changed further so that 
it no longer appeared in the nonsaponifiable lipide extract. Addi- 
tional studies were not carried out on the nature of the product or 
products of this transformation process. It seems clear that the 
use of the balance technique may give erroneously high values 
for cholesterol absorption because these changes took place in 
the intestine. 

Experiment 2—This experiment (Table III) was carried out to 
locate the area of the intestine most active in the absorption of 
cholesterol and to define the changes in the cholesterol fractions 
in this area during absorption. There was only a trace of C.. 
activity in Segment 4, and it is, therefore, apparent that no 
cholesterol absorption takes place in the large intestine. 
Whereas each of the three segments of the small intestine had 
appreciable amounts of FC-C and smaller amounts of EC-, 
the presence of the highest levels in Segment 2 indicates that 
this area was most active in absorption. The specific activity 
of the free cholesterol in lymph was higher than that of this 
fraction in any area of the intestine, but lower than that of 
the esterified fraction of either lymph or the segments, whereas 
the specific activity of the esterified cholesterol in lymph was 
equal to that of Segment 2 of the small intestine. These rela- 
tionships show that although the esterified cholesterol is trans- 
ferred from the mucosa to the lymph without appreciable 
dilution, the free fractions in both are diluted with cholesterol 
not involved in the absorption process. 

The small intestine of a fasting lymph fistula rat contains 
approximately 1.0 mg. of EC (Table V). The feeding of a single 
dose of cholesterol increased the EC of the small intestine to 2.1 
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Taste III 
Cholesterol and cholesterol-4-C"* of lymph and intestinal segments after the feeding of cholesterol-4-C™ 
Tissue* FC re. c. EC xc · C. Tce | Tec — 
me. meg. mg. meg. mg. me. % % c. c. % 
Lymph 2.1 0.9 7.5 4.6 9.6 5.5 78.1 83.6 2434 3412 12.5 
+0.6 +0.4 +2.2 +1.0 +2.8 +1.4 +2.0 +3.2 +126 +182 +3.0 
Intestinal Segment 1 5.9 1.6 0.9 0.4 6.8 2.0 13.2 20.0 1525 2391 4.5 
+0.8 +0.4 +0.4 +0.2 +1.2 +0.6 +8.2 +8.0 +114 +208 +1.4 
Intestinal Segment 2 6.1 2.0 0.8 0.5 6.9 2.5 11.6 20.0 1837 3464 5.7 
+1.0 +0.6 +0.2 +0.2 +1.2 +0.8 +4.2 +7.0 +138 +230 +1.8 
Intestinal Segment 3 5.4 1.2 0.4 0.1 5.8 1.3 6.9 7.7 1212 1829 3.0 
+0.6 +0.4 +0.2 +0.1 +0.8 +0.5 +3.2 +4.6 +96 +202 +1.0 
Intestinal Segment 4 6.7 0.1 0.2 | Trace 6.9 0.1 2.9 0.0 80 104 0.2 
+1.0 +0.1 +0.1 +1.1 +0.1 +2.0 +28 +40 +0.2 
Small intestine (Seg- 17.4 4.8 2.1 1.0 19.5 5.8 10.8 17.2 1568 2660 13.2 
ments 1-3) +3.4 +1.4 +0.8 +0.4 +4.2 +1.8 +4.2 +7.4 +340 +606 +4.4 


* The values are the average for 4 rats killed 6 hours after test meal. 


The cholesterol-4-C"* administered per rat was 44 mg. (5669 


e. p. m. mg.). The small intestine was divided into three equal segments numbered 1, 2, and3 from the upper duodenal end. The large 


intestine was Segment 4. 


TaBLe IV 
Cholesterol and cholesterol-4-C'* of lymph and intestinal segments after the feeding of cholesterol-4-C" 
Tissue® FC re. c. xc TC c. 1 
Free Ester 4 C recovered 
meg. mg. mg. mg. meg. mg. % % c. | ¢.p.m./mg. % 

Lymph 1.6 0.6 6.1 3.1 7.7 3.7 79.2 83.7 2311 3022 8.8 
+0.9 +0.4 +2.2 +0.9 +3.1 +1.3 +3.1 +4.6 +204 +252 +3.3 

Intestinal Segment 1 2.3 0.6 0.4 0.2 2.7 0.8 14.8 25.0 1571 3170 1.9 
+1.3 +0.4 +0.2 +0.1 +1.4 +0.5 +2.2 +9.2 +194 +218 +1.1 

Intestinal Segment 2 5.3 1.8 1.3 0.8 6.6 2.6 19.7 30.8 2049 3538 6.2 
+2.0 +0.9 +0.6 +0.5 +2.6 +1.2 +7.5 +7.3 +125 +253 +3.1 

Intestinal Segment 3 4.8 1.5 0.7 0.4 5.5 1.9 12.7 21.1 1966 3186 4.5 
+0.9 +0.7 +0.2 +0.1 +1.1 +0.8 +8.9 +6.0 +761 +200 +2.4 

Intestinal Segment 4 2.0 0.4 0.2 Trace 2.1 0.4 4.8 0.0 965 806 1.0 
+0.7 +0.4 +0.0 +0.7 +0.4 +3.6 +70 +101 +0.8 

Intestinal Segment 5 5.9 0.1 0.7 0.0 6.2 0.1 4.8 0.0 90 0 0.2 
+1.8 +0.1 +0.2 +1.9 +0.1 +1.3 +35 +0.1 

Small intestine (Seg- 14.4 4.3 2.5 1.4 16.9 5.7 14.8 24.6 1784 3343 13.5 
ments 1-4) +3.4 +1.8 +1.0 +0.5 +4.4 +2.3 47.2 411.6 +392 +614 +7.5 


* The values are the averages for 5 rats killed 6 hours after test meal. The cholesterol-4-C" administered per rat was 42.1 mg. 
(6051 e. p. m. / mg.). The small intestine was divided into segments of 6, 12, 12, and 6 inches numbered 1, 2, 3, and 4 from the upper duo- 


denal end. The large intestine was Segment 5. 


mg. in 6 hours (Table III). The EC-CM of the small intestine 
during this period was 17.1 per cent, and in contrast, 83.4 per 
cent of the TC-C* of lymph was present as EC-C. . The FC 
of the small intestine showed an increase of approximately 5.2 
mg. when compared to the control group. This increase was 
approximately equal to the amount of FC-C™ (4.8 mg.) present 
in the small intestine. The chemical data on the intestinal 
segments also show that the greatest increase in FC and EC 
occurred in Segment 2 in correlation with the levels of FC-C™ 
and EC-C™. 

Experiment 3 (Table 1V)—In this experiment the small in- 
testine was sectioned into four segments. The upper half (Seg- 
ments 1 and 2) had the greatest amount of cholesterol as FC-C™ 
and EC-C’. The changes occurring in the free and esterified 
cholesterol fractions both chemically and by C"-activity of 
lymph and intestine during cholesterol absorption were essentially 


the same as in the previous experiment. However, the specific 
activity values of the free and esterified fractions of the second 
intestinal segment and the lymph were approximately the same. 
Also, the higher values of Segment 2 for the per cent of EC-C™ 
than in the Experiment 2 suggest a better localization of the 
area of active absorption. 


We have previously pointed out (1) that several aspects of 
cholesterol absorption are not adequately explained in terms of 
a direct transfer from the lumen to the lymph and have suggested 
that a metabolic pool of free cholesterol exists in the intestinal 
mucosa with which cholesterol from the lumen is mixed prior to 
its esterification and transfer to the lymph. Following the 
feeding of 40 to 44 mg. of cholesterol-4-C™ considerable endoge- 
nous dilution of the fed cholesterol takes place in its transfer 
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TABLE V 


Cholesterol of lymph and intestinal segments of 
fasting lymph fistula rats 


Tissue* FC TC 

mg. meg. meg. % 
Lymph 0.8 1.4 2.2 63.6 
40.4 40.7 41.1 46.4 
Intestinal Segment 1 2.1 0.2 2.3 8.7 
+0.7 +0.2 +0.9 +4.4 
Intestinal Segment 2 4.7 0.4 5.1 7.8 
+1.1 +0.2 +1.3 +5.7 
Intestinal Segment 3 3.5 0.3 3.8 7.9 
+0.7 +0.2 +0.9 +5.3 
Intestinal Segment 4 1.8 0.1 1.9 5.3 
+0.4 +0.1 +0.5 +2.2 
Intestinal Segment 5 4.6 0.2 4.8 4.2 
+0.9 +0.1 +1.0 +3.1 
Small intestine (Seg- 12.1 1.0 13.1 22 
ments 1-4) +2.2 +0.7 +2.9 +5.5 


* The values are the average for 5 lymph fistula rats fasted for 
30 hours after the operation. Lymph was collected from the 24th 
through 30th hour. Intestinal segments are the same as desig- 
nated in Table IV. 


from lumen to lymph. This dilution does not occur in the 
lumen (1) and in the present study the specific activity data on 
the intestine indicate that it occurs in the mucosa. Glover and 
Green (4, 7) have also reported that endogenous dilution of 
fed cholesterol occurs in the intestinal wall and that this reaction 
is due to a rapid interchange and transfer of cholesterol among 
various lipoproteins of the cell membrane, organelles, and 
groundplasm. If the reaction was only one of interchange with 
acceptor lipoproteins during absorption, then following the period 
of maximal absorption there would be very little cholesterol-4-C™ 
in the lymph and none after 24 hours when transfer had ceased. 

The appearance of cholesterol-4-CM in lymph for periods up to 
several days (I, 5, 11) following the feeding of cholesterol-4-C™ 
can be explained on the basis of mixing and turnover of the free 
cholesterol pool of the intestinal mucosa. The pool expands and 
becomes highly labeled during the period of maximal absorption 
due to mixing with exogenous cholesterol-4-C from the lumen. 
After the peak of absorption the pool returns to its fasting size, 
but cholesterol-4-C“, which was mixed with the endogenous 
pool, continues to appear in lymph without a concomitant chemi- 
cal increase in the lymph cholesterol. The previous observa- 
tions (1, 5, 6, 10, 11) on the poor absorption of fed cholesterol-4- 
C™ (only 20 to 30 per cent) may also be related to the cholesterol 
pool of the intestinal mucosa, since the quantity of cholesterol 
transferred to the lymph would depend on the size and turnover 
rate of the pool. 

Contrary to earlier reports (3, 4, 7), it has been demonstrated 
that an increase in EC and EC-C" occurs in the intestinal wall 
during cholesterol absorption. Most of the fed cholesterol-4- 
C™ which was in the intestinal wall was present as FC-C" even 
at the height of cholesterol absorption; this suggests that the 
esterification reaction occurs at the site of transfer of cholesterol 
from the intestinal pool to the lymph. Our findings show that 
the upper half of the intestine is most active in the absorption 
of cholesterol. These results are not in agreement with those 
of Byers et al. (12) who reported that the distal half of the in- 
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testine was the chief site of cholesterol absorption. However, 
their results were obtained by diverting bile to different areas of 
the intestine and measuring cholesterol absorbed via the lymph. 

The specific activity data on the intestinal segments suggest 
that the EC-C™ of the lymph and intestine were derived from 
the pool of FC-C in the intestinal wall. The closest correlation 
was in Segment 2 of Experiment 3, but some of the cholesterol 
analyzed, both free and ester, in the intestinal wall, even of 
Segment 2, was derived from sources which do not participate 
in cholesterol absorption, and this would further dilute the fed 
cholesterol-4-C". On the assumption that the esterified choles- 
terol of the intestine was derived from the free fraction and that 
dilution of the esterified cholesterol of Segment 2 was minimal, 
the intestinal pool of free cholesterol was calculated to be 8 to 9 
mg. for the 6 hour, and 5 to 6 mg. for the 48 hour periods of 
absorption. 

Based on the findings of this and previous studies (I, 13, 14-17), 
the following tentative mechanism of cholesterol absorption is 
proposed. Free and esterified dietary cholesterol and fat enter 
the small intestine and are mixed with endogenous cholesterol 
from bile and other secretions. Cholesterol esters and glycerides 
are hydrolyzed. The products, in conjunction with bile salts 
and cholesterol esterase, pass into the intestinal mucosa. The 
free cholesterol becomes mixed with the pool of free cholesterol 
in the mucosa. In the fasting animal this pool is being con- 
stantly turned over by the synthesis of cholesterol in the mucosa 
and the synthesis of cholesterol esters and their passage with a 
small amount of free cholesterol into the lacteals. That this 
occurs in the fasting animal is shown by the constant amount of 
cholesterol appearing in the lymph during a 24 hour period. 
When 40 to 44 mg. of cholesterol-4-C™ is fed, the entrance of 
free cholesterol from the lumen into the mucosa tends to increase 
the pool size of free cholesterol and at the same time conditions 
are favorable for the esterification of cholesterol owing to the 
presence of bile salts, fatty acids, and cholesterol esterase also 
entering from the lumen, and there results an increased synthesis 
of cholesterol esters which then pass into the central lacteal. 
The cholesterol esters do not pass into the lymph alone, but 
rather are transferred along with triglycerides, phospholipides, 
free cholesterol, and protein. All of these substances occur 
together as part of the chylomicron when cholesterol is absorbed. 
The exact site of this chylomicron formation is unknown, but 
free cholesterol is probably an essential part of its structure and 
is probably drawn from the free cholesterol pool in the intestine 
for this purpose. Consistent with these views is the observation 
that during cholesterol absorption there is an increase in the 
phospholipide and neutral fat content of lymph (13, 18). Alco, 
when fat alone is fed there is an increase in the cholesterol of 
lymph (13, 19, 20). Thus, if these views are correct, the ap- 
pearance of FC-C™ in lymph is a necessary part of the transport 
mechanism for the esterified cholesterol. It further follows that 
cholesterol absorption is not an isolated independent mechanism, 
but is closely interrelated with the absorption and transport 
of other lipides. When cholesterol is fed in amounts larger than 
a tracer dose, an increased synthesis of triglyceride and phos- 
pholipide must occur in the mucosa to support the increased 
formation of chylomicrons. 


SUMMARY 


1. Lymph fistula rats were given a test meal containing 40 
to 44 mg. of cholesterol-4-C". Lymph, the whole intestine, or 
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segments of the intestine were analyzed at various times for 
free and esterified cholesterol chemically and by Ci measure- 
ments. 

2. There was considerable dilution of the fed 
cholesterol-4-C™ in its transfer from the lumen to the lymph; 
this dilution occurred in the intestinal wall. 

3. High levels of free cholesterol-C“ and smaller amounts of 
esterified cholesterol-C“ were found in the intestinal wall after 
6 and 24 hours; at 48 hours 1.6 per cent of that fed was still 
present in the intestinal wall. The decline in the intestinal 
cholesterol-4-C™ from 24 to 48 hours was equal to the quantity 
transferred to lymph. 

4. Sectioning of the intestine demonstrated that the upper 
half contained most of the cholesterol-4-C™, this area being the 
chief site of cholesterol absorption. During the period of 
maximal cholesterol absorption (6 hours) there was a 2-fold 
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increase in the esterified cholesterol of the intestinal wall. Also, 
up to 30.8 per cent of the total cholesterol-C™ of the upper half 
was present as esterified cholesterol-C“. The chemical and 
specific activity data on the segments of the intestine suggested 
that the free cholesterol of the intestine was the precursor of 
lymph esterified cholesterol. 

5. A considerable portion of the fed cholesterol-4-C" was 
transformed into products not precipitable by digitonin; these 
appeared in the nonsaponifiable fraction of the feces and con- 
tents. 

6. The present study has provided evidence that a metabolic 
pool of free cholesterol exists in the intestinal mucosa. The 
existence and turnover of this pool has made it possible to 
explain certain aspects of cholesterol absorption and also to 
postulate a mechanism of absorption. 
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The metabolism of the naturally occurring corticosteroids has 
been investigated extensively in systems both in vivo and in 
vitro (1, 2). In contrast, little information is available concern- 
ing the metabolic pathways of the 1-dehydrocorticosteroids. It 
has been demonstrated that in men the major metabolic reactions 
of prednisolone and prednisone involve reduction-oxidation re- 
actions at C-11 and reduction at C-20 (3-7). In addition, par- 
tial or complete hydrogenation of the cross-conjugated system 
in ring A (6) and cleavage of the dihydroxyacetone side chain 
have been reported (6, 7). The partial or complete disappear- 
ance of the cross-conjugated system in ring A (8, 9) and the 
loss of the a-ketolic function in the side chain (9) have been 
demonstrated in vitro with rat liver preparations. 

We have investigated the metabolism of prednisolone in vitro 
with a rat liver preparation. Certain properties of the enzy- 
matic systems involved in the transformations noted and the 
structures of three metabolites isolated are reported in this com- 
munication. 


METHODS 


Material—Albino rats weighing 200 to 250 gm. were decapi- 
tated and the livers were quickly removed and chilled in ice. 
The livers were homogenized in a Porter-Elvehjem homogenizer 
with 4.5 volumes of Krebs’ phosphosaline buffer (pH 7.4) con- 
taining 248 mg. of Versene per liter of solution. The homogenate 
was strained through gauze and centrifuged for 15 minutes at 
6000 X 9. The supernatant fluid was diluted with an equal 
volume of a saturated ammonium sulfate solution, the pH ad- 
justed to 7.0, and the fluid again centrifuged for 15 minutes at 
6000 x 9. The resulting supernatant fluid was used in most 
of the incubations. 

Incubations—In small scale experiments 300 yg. of predniso- 
lone were incubated for 1 hour at 37° in an atmosphere of air 
with 4.5 ml. of the enzyme preparation. The cofactor require- 
ments of the enzyme preparation were studied. For isolation 
of metabolites 5 mg. of prednisolone were incubated for 2 hours 
at 37° with 60 ml. of the enzyme preparation, to which 6 ml. of 
0.01 M nicotinamide, 6 ml. of 0.01 M sodium citrate, and 500 mg. 
of DPNH! were added. 

Extraction—At the end of the incubation, sufficient acetone 
was added to the flasks to make a final concentration of 70 per 


* This work was aided in part by a grant from the Hormonal 
Research Fund of the National Fund for Scientific Research (Bel- 
gium) and from the Schering Corporation, Bloomfield, New Jersey. 

1 The abbreviations used are: DPNH, reduced diphosphopyri- 
dine nucleotide; TPNH, reduced triphosphopyridine nucleotide. 


cent acetone in the mixture. The flasks were left overnight in 
a refrigerator, then filtered and the residue washed with hot 
acetone. The volume of the filtrate was reduced in vacuo to 
0.5 of the original, the aqueous phase was shaken three times 
with 0.3-volume portions of petroleum ether, and the petroleum 
ether extracts were discarded. The aqueous phase was then 
distilled in vacuo to a small volume and the steroids were re- 
covered with ethyl acetate. The combined ethyl acetate ex- 
tracts were dried over sodium sulfate and concentrated to a 
residue, which was then dissolved in chloroform and chromato- 
graphed on Florisil (10). The steroids were eluted with a 
mixture of 25 per cent methanol in chloroform. 

Analytical Procedures—Aliquots were removed for the es- 
timation of changes in the side chain and in ring A. The dis- 
appearance of the dihydroxyacetone group was measured by the 
Porter-Silber method (11) and the reduction of the cross-con- 
jugated system in ring A by the decrease in optical density at 
240 mu. Corrections for blank experiments were made. The 
nature of the metabolites formed was examined by paper chro- 
matography in the chloroform formamide system (12,19). For 
the isolation of the transformation products the incubation 
extracts from two experiments were combined (see above) and 
chromatographed on paper. Several zones were rechromato- 
graphed until single spots were obtained. The appropriate 
areas were then eluted and further purification was pursued 
through crystallization. 

Melting points were taken on a micro hot stage and were 
recorded as read. Spectra of solutions of metabolites in sul- 
furic acid were recorded in the range of 220 to 600 my 2 hours 
after the addition of the acid. The infrared spectra were ob- 
tained from material incorporated into rectangular potassium 
bromide prisms (13) on a Perkin-Elmer model 12C spectrometer. 
Ultraviolet spectra were recorded in methanol. For identifica- 
tion purposes the spectra of sulfuric acid solutions and the in- 
frared spectra were respectively compared with those of au- 
thentic samples. 


The efficiency of the extraction method employed and the 
chromatography on Florisil were tested on numerous occasions 
and recoveries of 80 to 95 per cent of the added prednisolone 
were obtained. Incubation of prednisolone with homogenates 
of rat liver in a Krebs’ buffer resulted in a 36 per cent loss of 
the cross-conjugated system in ring A and a 10 per cent loss of 
the dihydroxyacetone side chain (Table I). Addition of 0.005 
moles of DPNH did not influence the rate of metabolism in 
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ring A but increased by 20 per cent the disappearance of the 
side chain. No further changes occurred after the addition of 
nicotinamide. However, the addition of citrate ions increased 
appreciably both the changes in ring A and in the side chain. 

Fractionation of the metabolites on paper gave a similar 
pattern of spots for all incubation mixtures. The spots and 
their characteristics are listed in Table II. Because Spot 1 
was found only on chromatograms of residues of experiments 
to which DPNH was added and in extracts of blank experi- 
ments with added DPNH but without prednisolone, it was most 
likely that the product was not a steroid. Spot 2 was detected 
on the chromatogram of the residue of the large“ scale experi- 
ment. It seemed that the concentration of this substance in 
small scale experiments was insufficient for detection. All 
spots with the exception of Spot 8 absorbed ultraviolet light. 

Isolation of 118,17a,208,21-Tetrahydrory-4-Pregnene-3-One 
from Spot 4—The residue was eluted and rechromatographed 
in toluene propylene glycol to yield a single spot which appeared 
dark when observed under the ultraviolet lamp. The eluted 
product did not react with blue tetrazolium (14) but gave a blue 
coloration with an ethanolic solution of phosphomolybdie acid 
(15). The substance was acetylated in the usual manner and 
was crystallized from ethyl acetate neohexane, m.p. 205-215°; 
Ae, 240 my; e, 17,000. The infrared spectrum and that 
of a sulfuric acid solution of the product were identical to those 
of an authentic sample of 118,17a,208,21-tetrahydroxy-4- 
pregnene-3-one. 

Isolation of Prednisolone (118 ,17a,21-Trihydrozy-1 ,4-Preg- 
nadiene-3 ,20-Dione) from Spot 6—Rechromatography of the 
residue in toluene propylene glycol gave a single spot, which 
was eluted and twice crystallized from acetone petroleum ether, 
m. p. 225-228˙ Ae 241 mu; e, 15,500. The spectrum of a 
sulfuric acid solution and the infrared spectrum of the metabo- 
lite were identical with those of prednisolone. The isolated 
product was unchanged starting material not transformed during 
incubation. 

Isolation of Cortisol from Spot 7—After rechromatography in 
toluene propylene glycol the eluted material was chromato- 
graphed on silica gel. The eluates, which gave a purple colora- 
tion with blue tetrazolium reagent, were combined and crystal- 
lized from ethyl acetate neohexane, m.p. 192-195°. Acetylation 
in the usual manner gave an acetate m. p. of 212-215°; Ae, 
242 my; e, 16,900. The infrared spectra of the free alcohol and 
of the acetate were identical with those of cortisol and its acetate. 

Isolation of 118,17a,21-Trihydroryallopregnane-3 , 20-Dione 
from Spot 8—The residue from this zone was rechromatographed 
in toluene propylene glycol to yield two spots, both of which 
reacted with blue tetrazolium. The major spot was then 
eluted and rechromatographed in the Bush system C (16). A 
single spot was detected which was eluted and twice lized 
from acetone petroleum ether, m.p. 220-224°; Re, none. 
The infrared spectrum of the metabolite was identical to that 
of authentic 118,17a,21-trihydroxyallopregnane-3 , 20-dione. 


Results reported in this communication show the suscepti- 
bility of prednisolone to enzymatic attack in vitro by prepara- 
tions of rat liver and are in agreement with those of other in- 
vestigators (8, 9, 17). Neither DPNH nor niacinamide additions 
had any influence on the reduction of the 1, 4-diene-3-one group. 
However, the addition of citrate ions increased the rate of the 
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TaBie | 
Metabolism of prednisolone* in vitro by 
preparations of rat liver 
Sample Cofactors added crom conjugated loss of dinydrony- 
% % 

A None 0 0 
B None 36 10 
C 0.005 M DPNH 33 30 
D 0.005 um DPNH 42 33 

0.001 M nicotinamide 
E 0.005 M DPNH 

0.001 m nicotinamide 66 49 

0.001 u sodium citrate 


* 300 ug. of prednisolone in 4.5 ml. of preparation of rat liver; 
incubation with Samples B through E for 1 hour at 37°, Sample A 
not incubated. 

t Calculated mean value of eight experiments. 

t Measured by optical density at 240 my in methanol. 

§ Measured by Porter-Silber method (11). 


Taste II 


Fractionation of prednisolone metabolites by chromatography 
on paper in chloroform formamide 


Mobility“ U.V.t BT. | PMA 
Not incubated 1} 0.25 + 
2 0.70 + + + 
Incubated 1} 0.12 + * 
27 0.22 + — — 
3 0.25 + — 88 
4 0.50 + — + 
5 0.61 + — + 
6 0.72 + + + 
7 1.0 + + + 
8 1.6 — + + 


* Relative mobility with reference to the mobility of cortisol. 
The mobility of cortisol is taken as 1. The mobility of predniso- 
lone in this system is 0.7. 

U. v. T indicates a dark area when observed under the ultra- 
violet lamp, B.T.+ indicates a purple reaction with blue tetra- 
zolium (14), and P.M.A.+ indicates a blue reaction with phos- 
phomolybdic acid (15). The — sign indicates the absence of the 
appropriate reaction. 

t Detected only in blank and incubation experiments to which 
DPNH was added. 

§ Detected on the chromatogram of the large“ scale incuba- 
tion experiment. 


hydrogenation of the cross-conjugated system. This appears 
to be in agreement with the observations reported that TPNH 
is a cofactor (8). The disappearance of the dihydroxyacetone 
side chain with the formation of a glycerol type group was 
enhanced by the addition of DPNH. The dependence of the 
reduction of the 20-carbonyl function on phosphopyridine 
nucleotide has been observed previously (18). 
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DISCUSSION 


56 Metabolism of Prednisolone by Rat Liver Homogenates 


The isolation and identification of the metabolites reported 
in this communication is the first illustration of the nature of 
the metabolic transformations in vitro of prednisolone by prep- 
arations of rat liver. The isolation of cortisol was of special 
interest because it constitutes the first demonstration of the 
conversion of prednisolone to the naturally occurring hormones. 
That the reduction of the olefinic bond at C-1 occurs before 
that at C-4 has been indicated previously (8). This seems to be 
in contrast to the situation in men, where the reverse situation 
has been recorded, i.e. the hydrogenation of the C-4 double 
bond occurring prior to that at C-1 (6). Thus far the presence 
of cortisol has not been demonstrated in human urine after the 
administration of prednisolone (3-7). 

The finding of cortisol suggested the occurrence of other me- 
tabolites similar to those obtained in vitro with corticoids and 
preparations of rat liver (19-23). The isolation of 118,17a,21- 
trihydroxyallopregnane-3 ,20-dione and 118,17a,208,11-tetra- 
hydroxy-4-pregnene-3-one was in accord with these predictions. 
The isolated metabolites are of additional interest because the 
substances are in the “intermediate” reduction stage. Incuba- 
tion in vitro of corticoids with preparations of rat liver (8, 21, 
22) and especially after the perfusion of cortisol or cortisone 
through rat livers (19, 20) has shown that the bulk of the isolated 
metabolites were either fully reduced to the corresponding al- 
cohols or to the “allotetrahydro” derivatives. Based on studies 
on the metabolism in vitro of naturally occurring corticosteroids 
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and the results reported in this communication, the transfor. 
mation of prednisolone to other Cn and Cy compounds, both 
the trans and cis configuration at C-5 may be expected. 
The isolation of 3a,118,17a,21-tetrahydroxypregnane-20-one, 
3a (6), 118-hy- 
droxy-1 ,4-androstadiene-3,17-dione, 1,4-androstadiene-3, 11, 
17-trione (7), 3a,118-dihydroxyetiocholane-17-one, 3a-hy- 
droxyetiocholane-11,17-one (6), and 32,178-dihydroxyetio- 
cholan-II-one (24) from human urine after the administration 
of prednisolone seems to support this view. The inability to 
detect other products was probably caused by their low concen- 
tration in the metabolic residue derived from the incubation 
of 10 mg. of prednisolone. 


1. Prednisolone was incubated with an ammonium sulfate 
treated supernatant fluid (6000 x 9) from a homogenate of 
rat liver. 

2. Certain properties of the enzymatic systems involved were 
investigated. 

3. Three metabolites of prednisolone were isolated and iden- 
tified: cortisol; 118,17a,21-trihydroxyallogregnane-3 , 20-dione; 
and 118,17a,208 ,21-tetrahydroxy-4-pregnene-3-one. The pres- 
ence of other metabolites was demonstrated. 

4. The significance of the findings was briefly discussed. 
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Steroid-Protein Interactions 


IV.“ INFLUENCE OF FUNCTIONAL GROUPS IN A*-3-KETOSTEROIDS ON INTERACTION 
WITH SERUM ALBUMIN AND 8-LACTOGLOBULIN 


Urnen AND Bitty D. AsHLEY 


From the Protein and Steroid Section, Biochemistry Department, C. S. Army Medical Research Laboratory, Fort Knox, Kentucky 
(Received for publication, January 13, 1958) 


Previous observations have shown that an interaction of 
A‘-3-ketosteroids with proteins reduces the ultraviolet absorption 
of the steroid, and often shifts the position of its absorption 
maximum (1). The extent of the depression of the molecular 
extinction coefficient was approximately proportional to the 
strength of binding determined by other methods. A decreasing 
interaction was thus demonstrated when progesterone, deoxy- 
corticosterone, and cortisol were mixed with serum albumin and 
certain other proteins (1). 

The interaction between a steroid and a protein depends on 
the specific structure of both molecules. In the present studies, 
the influence of certain functional groups in the A‘-3-ketosteroid 
component has been investigated; some of the results have 
already been briefly reported (2). It was found that the intro- 
duction of oxygen-containing groups into the steroids resulted 
in a weakening of the interaction with HSA“; and BLG; methyl 
groups at C-2 strengthened the binding. 


EXPERIMENTAL 
Materials The steroids used in these experiments were 
received from various pharmaceutical research laboratories.’ 
The melting points were determined and, if necessary, the 
compounds were recrystallized from undiluted or aqueous 
ethanol, methanol, or acetone. Phosphate buffer at pH 7.6, 
ionic strength 0.1, was prepared from reagent grade sodium 
The same crystalline preparation of HSA was used as in our 
previous studies (1). The albumin solutions were prepared on 
the basis of a molecular weight of 69,000 (3). Although values 
of 65,600 (4) or 66,000 (5) have been accepted more recently, the 
value of 69,000 was used in the present studies in order to 
maintain a valid comparison with the results obtained in our 
laboratory over the years, which were based on a molecular weight 
of 69,000 for HSA. The crystalline BLG employed was either 
the material“ that was used previously (I), or a preparation 


* See Paper III of this series (1). 

The abbreviations used are: HSA, human serum albumin; 
BLG, 8-lactoglobulin. 

? We are greatly indebted to the Cutter Laboratories, Berkeley, 
California, for kindly supplying this material. 

* For their kind cooperation we are greatly indebted to Ciba 
Pharmaceutical Products, Inc., Summit, New Jersey; Merck and 
Company, Inc., Rahway, New Jersey; Schering Corporation, 
Bloomfield, New Jersey; and The Upjohn Company, Kalamazoo, 
Michigan. 

‘Purchased from Armour and Company, Chicago, Illinois. 


from another source that was crystallized three times.“ The 
ultraviolet absorption curves of the preparations of HSA and 
BLG, at the concentrations used in the present studies, have 
been published previously (1). 

Determination of Extinction Coe ficients—Solutions of the 
steroids in phosphate buffer, pH 7.6, ionic strength 0.1, were 
prepared in the same manner as described before (1). For the 
determination of the basic optical data of the steroids in protein- 
free solution, a small percentage of ethanol was again used to 
facilitate dissolution. It has been pointed out that the use of 
phosphate buffer, or phosphate buffer containing a small 
percentage of ethanol, does not alter either the position of the 
absorption maximum or the value of the extinction coefficient 
as determined in pure water (1). No ethanol was used in the 
steroid solutions which were employed in the actual spectro- 
photometric measurements when protein-free and protein- 
containing solutions were compared. All the precautions were 
observed that have been outlined in the previous report (1). 
The final solutions had a concentration of 2 x 10-* m for the 
steroids and 4 x 10-* m for HSA. The concentration of the 
BLG solutions was the same as that of the HSA solutions on a 
weight per volume basis. 

The depression value (Ae) of the extinction coefficient ob- 
served in the presence of protein was calculated according to 


100(e. — en 
tw 


where e. = molecular extinction coefficient of steroid in phos- 
phate buffer, at the wave length of its maximal absorption, 
Ange; and e, = molecular extinction coefficient of steroid in 
the presence of protein, at Ange of the protein-free solution. 
These depression values (Ae) indicate the lowering of e in the 
percentage of the values observed in the absence of protein; 
they are listed in Table I. The same table also shows the wave 
<f ahesption thet wore chewved in the 
sence of protein, ee which are in most cases slightly differ- 
ent from Auge in the absence of protein. 

The lamp housing of the Beckman model DU 
eter was equipped for liquid cooling. Water of 25.0 + 0.01° 
was circulated through the housing so that the solutions in the 
cells were kept at a constant temperature. The spectrophotom- 
eter was used without a photomultiplier attachment. The 
optical densities of the solutions were not high enough to cause 

* Purchased from General Biochemicals, Inc., Chagrin Falls, 
Ohio. 
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TABLE I 
Influence of HSA and BLG on ultraviolet absorption of A‘-3-ketosteroids 
* cent depres- 
No. Steroid aun, Ri Rs R. R. — Ar: presence ence — 
HSA | BLG HSA BLG 
A | Preqestereme. „ 1 H H H H 249 16,700 | 13.9 | 13.3 246 217 
2 Ila-OH-Progesteron e I | a-OH H H H 245 15,600 2.9 0.0 | 249 | 249 
3 | 118-OH-Progesterone................. I | 8-OH H H H 248 16,000 6.6 | 3.3 | 248 | 248 
4 | 17a-OH-Progesterone................ 1 H 4 0H H H 248 15,700 12.8 4.2 248 | 247 
5 | 11-Deoxycorticosterone=cortexone.... I H H OH H 249 16,300 12.6 3.4 247 | 249 
6 | Cortexone acetate.................... I H H OAc H 248 16,400 11.6 6.3 | 247 | 248 
7 | 2-Methyleortexone.................... I H H OH CH; | 248 15,200 17.6 8.9 | 246 | 248 
8 | Corticosterone........................ I | 8-OH H OH H 248 15,800 5.7 0.3 | 248 | 248 
9 | Epi-Corticosterone................... I | a-OH H OH H 248 15,400 4.4 | 3.3 | 248 | 248 
10 | 11-Dehydrocorticosterone acetate II H OAc H 244 16,000 11.7 8.6 | 246 | 246 
11 17a-OH-Cortexone. .................. I H a-OH | OH H 248 16,600 11.0 2.6 | 247 | 248 
12 | 17a-OH-Cortexone acetate............ I | 4 0H | OAc H 248 15,200 15.1 11.4 | 248 | 249 
13 | 1-Deyhdro-17a-OH-cortexone......... III H H 250 16, 100 4.5 2.3249 250 
14 | A*-Pregnene-triol-17a,208,21-one-3..... IV | a-OH 249 16,000 9.7 4.0 248 | 248 
15 ..... IV | 249 15,800 7.5 | 3.0 248 | 248 
II | a-OH | OH H 244 16,000 7.3 | 2.9 | 245 | 244 
17 | Cortisone acetate..................... II | a-OH | OAc H 245 16,200 14.8 4.8 | 246 | 247 
18 oo. III | =O H 244 15,800 7.9 3.9 | 246 | 246 
19 | 2-Methyleortisone ................... II | a -OH | OH CH; 244 14,700 13.5 2.3 | 245 | 246 
I | | a-OH | OH H 248 15,900 5.7 0.9 | 248 | 248 
.21 | Cortisol-2l-acetate................... I | B-OH | a-OH | OAc H 248 15,800 6.7 0.5 | 248 | 248 
22 | Cortisol-21-propionate................ I | 8-OH | a-OH | O-C,H,O H 248 | 16,500 6.3 1.8 248 | 248 
23 | 4'-Dehydrocortisolprednisolone.....| III | 6-OH H 248 15,000 3.5 | 0.5 | 247 | 247 
24 | 2-Methyleortisol...................... I | 8-OH | a-OH | OH CH; | 248 15,300 9.2 3.1 | 247 | 248 
25 | A'-Dehydro-6-methy] cortisol—Medrol.| III | 8-OH | CH; 248 14,600 4.2 2.3 | 247 | 248 * 
26 | 9a-Fluoro-cortisol-2l-acetate.......... I* | | a-OH | OAc H 244 16,900 4.1 2.7 | 245 245 
27 | 2-Methyl-9a-fluoro-cortisol............ I* | 8-OH | a-OH | OH CH; | 243 15,700 | 11.6 13.7 245 | 246 ee 
28 A-Androstenedione-3, 177. V H —0 H 248 16,300 | 12.7 | 10.1 | 246 | 247 1. 
29 | Testosterone......................... Vi B-OH H H 249t | 15,900f 13.2 3.5 247 | 249 , 
30 | 2-Methyltestosterone................. Vi 8-OH H CH; | 248 15,000 16.5 6.5 | 246 | 247 
31 | 17-Methyltestosterone................ Vi 8-OH | a-CH; H 249 16,000 12.5 1.5 247 | 248 an 
32 | 1la-OH-17-Methyltestosterone........| V | a-OH | 8-OH | a-CH; H 248 15,000 4.7 1.4 249 | 249 1. 
33 | 118-OH-17-Methyltestosterone ....... V | B-OH | 8-OH | a-CH; H 248 15,600 5.5 0.5 248 249 , 
34 | Adrenosterone........................ V 20 = H 244 14,800 9.2 6.5 245 | 246 
35 | 4'-*-Androstadiene-3,11,17-trione..... VI | =O 243 15,100 7.1 2.2 | 246 246 
36 | A'4-Androstadiene-118-ol-3,17-dione...| VI | 8-OH 246 14,500 1.4 3.7 | 246 | 246 
4 a-F at Cy». 


t In agreement with published values (6, 7). a 


the stray light errors observed by several authors (8, 9); actual than that observed in organic solvents (see Table 11 in Reference 


measurements verified this conclusion. 10). Introduction of a methyl group at C-2 has little or no 
influence on the position of the absorption maximum, and 
Ss > Cae this is illustrated in Table III. The extinction coefficients of the 


The results of the spectrophotometric measurements are 2-methyl derivatives, however, are smaller by about 1000. — 
listed in Table I. All values determined in the presence of the Practically no differences in the e values have been observed 
proteins refer to solutions 2 x 10 M in steroid and 4 X 10-*m_ when either water or alcohol were used as a solvent. This latter 
in HSA, whereas the concentration of BLG was equal to that of finding is in agreement with the spectral behavior of A*-3- 
HSA in weight per volume, i.e. 2.76 mg. per ml. The data on ketosteroids in various organic solvents, and no significant 
Ange confirm the previous conclusion that the use of water differences of the extinction coefficients were observed when 
instead of ethanol as a solvent causes a bathochromic shift of hexane, ether, dioxane, chloroform, or ethanol were used (14). 
the ultraviolet absorption maximum of approximately 8 my (1). It has been discussed in the preceding report of this series (1) 

It is apparent from Table II that introduction of hydroxy that the depression of the molecular extinction coefficients of the 
groups at C-11 and C-17 of the Czi or CV A‘-3-ketosteroids results A‘-3-ketosteroids is approximately proportional to the binding 
in a slight shift of Ange towards shorter wave lengths. A keto strength, as has been observed by other methods. In view of 
group at C-11 causes, in water, a hypsochromic shift of approxi- the novelty of the spectrophotometric approach, it seemed 
mately 4 to 5 my, an effect which seems to be somewhat greater desirable to verify this conclusion by independent methods. | 
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presence of bovine serum albumin also follow about the same 
sequence as the spectrophotometric data. From these results it 
would seem justifiable to assume that the extent of the depres- 
sion of ultraviolet absorption is an approximate measure for 
the strength of interaction between the two components. It 
has been pointed out (1) that the optical method cannot claim 
the degree of precision that can be attained with certain other 
procedures, e.g. equilibrium dialysis. 

In Table V the results are compiled in such a way that the 
influence of the various functional groups on the steroid-protein 
interaction can be conveniently recognized. Two steroids, 
identical in all respects except for the one group in question, 
are compared in each pair (Column 3). In Columns 4 and 5, 
the difference of the Ae values of the two steroids is given as 
“change of interaction” with HSA and BLG, respectively. A 
negative sign of this “change” indicates that the structural 
alteration (Column 2) causes a weakening of the interaction with 
the protein, and a positive sign of the “change” indicates a 
strengthening of the interaction. In judging the significance 
of the differences of the Ae values it should be remembered that 
the range of error of Ae has been found (1) to be smaller than 
+1.5. 

As may be seen in Sections 1 and 2 of Table V, the introduc- 
tion of a hydroxy group at C-11 decreases the strength of inter- 
action. These results amplify the general conclusion that an 
increase in the number of polar groups weakens the binding to 


Taste II 
Relationship between ultraviolet absorption mazima and polar groups (numbers in parentheses refer to position in Table 1) 


| 11-CH: 


1.0 


119 0H 


0H 11-C=0 


7a-OH.-Progesterone, 248 Progesterone, 249 my (1) 
my (4) 


118-OH-Progesterone, 248 my (3) 
lla-OH-Progesterone, 248 my (2) 


l7a-OH-Cortexone, 248 Cortexone, 249 my (5) 


my (11) 


Corticosterone, 248 my (8) 


Epi-Corticosterone, 248 my (9) 
Cortisol, 248 my (20) 
2-CH;-Cortisol, 248 my (24) 
Prednisolone, 248 my (23) 
Medrol, 248 my (25) 


11-Dehydrocorticosterone acetate, 
244 my (10) 


Cortisone, 244 my (16) 
2-CH;-Cortisone, 244 my (19) 
Prednisone, 244 ma (18) 


Testosterone, 249 my (29) 
17-CH;-Testosterone, 249 


118-OH-17-CH;-Testosterone, 248 my 


lla-OH-17-CH;-Testosterone, 248 my 


— — — — 


my (31) (33) 
2-CH;-Testosterone, 248 my 

(30) (32) 
Androstenedione, 248 my 

(28) 


Adrenosterone, 244 my (34) 


A' 17-dione, | 243 
246 ma (36) | 


my (35) 


The determination of steroid binding to HSA by equilibrium 
dialysis* gave approximately the same sequence as was obtained 
by the spectrophotometric method. Table IV illustrates that 
the values for the free energies of binding which Eik-Nes and 
his associates (15) calculated from solubility studies in the 


* Unpublished measurements by G. L. Selden. 


such proteins as serum albumin (15, 16). A comparison of these 
two sections shows that the interaction of the II-a-hydroxy 
derivatives is somewhat weaker than that of the 11-8-hydroxy 
compounds (see also Section 12). 

Introduction of an oxo group at C-11 also decreases the 
interaction with HSA (Section 3 in Table V). An exception is 
the difference of Ae between 1-dehydro-17-a-hydroxycortexone 
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TABLE III TaBLe V inte 
Influence of 2-methyl group on ultraviolet absorption (numbers Influence of steroid structure on Ae values (numbers in parentheses (Se 
in parentheses refer to ‘‘References’’) refer to position in Table I) \ 
onl 
No. in * 22 — 
Table I — — Structural altera tion Steroids compared gro 
HSA | BLG = 
5 | Cortexone 249 | 241 16, 300 16,200. — = ee 
7 | 2-Methylcortex- | 248 | 240 15, 15,100 1 | Introduction of 11-8-OH | (1) — (3) 7.3 —10.0 an 
16 | Cortisone 244 | 238* (11) 16, 16,000“ (11) (11) — (20) | —5.3| —1.7 a2 
19 | 2-Methylcorti- 244 | 237 14, 14,200 (13) — (23) —1.0 —1.8 (se 
sone (31) (33) | -7.0| —1.0 | for 
20 | Cortisol 248 | 241 15, 15,800 ph 
24 | 2-Methylcortisol | 248 | 241 15,300) 15,250* (12) 2 | Introduction of 1l-a-OH | (1) — (2) —9.0 —13.3 * 
29 | Testosterone 249 | 241* (13) 15,900) 15,800* (13) (5) — @) | —8.2) —2.1 all 
30 | 2-Methyltestos- | 248 | 240 15, 15,000 (31) — (32) —7.8 —0.1 | 
terone 
3 | Introduction of ll-oxo (11) — (16) | —3.7| 790.3 ag 
Average values (13) — (18) 73.4 41.6 Fr 
for: (28) — (34) | —3.5| —3.6 the 
No. 5, 16, 20, 16, 15,950 the 
No. 7, 19, 24, 15, 14,900 4 | Transformation of ll-oxo | (16) — (20) —1.6 —2.0 col 
Influence of — 975 — 1,050 to 11-8-OH (19) — (24) —4.3 70.8 sal 
2-CH; (18) — (23) | -4.4|) —3.4 the 
(35) — (36) —5.7) +1.5 
* In ethanol. - 
5 | Introduction of 17 0H | (1) — (4) —1.1 -9.1 aff 
TABLE IV (5) — (11) | —1.6 —2.8 hy 
Strength of steroid binding to serum albumin (8) — (20) 0.0 70.6 8 
proximate | per cent 6 | Introduction of II- f | (5) — (16) | —5.3| —2.5 in 
Noin 17-2-OH (7) — (19) -6.6 th: 
cemolet) | ‘Table 
- 7 | Introduction of 21-OH | (1) — (5) | -1.3| —7.9 we 
Testosterone............. 29 —6.2 13.2 a an 
— — b 0 31 —6.1 12.5 8 Acetylation of 21-OH (5) = (6) —1.0 +0.9 1 
drostenedione......... 28 —5.8 12.7 (11) + (12) 44.1 48.8 
— — (16) — (17) 77.8 +1.9 an 
(20) — (21) | —0.4 
Values obtained with bovine serum albumin (15). 9 | Propionylation of 21-OH | (20) — 22) 70.6 +0.9 of 
net 
(Steroid 13) and prednisone (Steroid 18) which shows a positive 10 | Introduction of 2-CH; | (29) — (30) 73.3 +3.0 | ine 
value.” As might be expected from a consideration of Sec- (5) — (7) | 45.0! 43.5 bit 
tions 1 and 3, the reduction of the 11-keto group to a G-hydroxy (16) — (19) 46.2 —0.6 * 
group also decreases the steroid-protein interaction (Section 4). (20) — (24) 773.5 72.2 it 
Introduction of a 17-a-hydroxy group has almost no influence pr 
on the binding of A‘-3-ketosteroids to HSA (Section 5, Table V). 11 | Introduction of Al double (11) — (13) | -6.5| —0.3 th 
A marked weakening influence is found only in the case of the bond (16) — (18) 70.6 +1.0 ill 
interaction of 17-a-hydroxyprogesterone with BLG. This re- (20) (23) | -2.2) an 
sult may be explained by the Ae value for progesterone in the GS) | th 
all the other BLG-binding values. The same explanation OH to 11-a-OH (8) — (9) —1.3 +3.0 (Cc 
applies to all other cases in which the binding of a hydroxylated (33) — (32) -s +0.9 Th 
progesterone to BLG is compared to the interaction of pro- to 
gesterone with BLG, and where great differences of the Ae values 13 | Transformation of 17 - (14) — (15) —2.2 —1.0 
OH to 17-8-OH | 
7 In search for an explanation, it will be noted that according 9 * 
to the values listed in Section No. 11 of Table V, prednisone ap- 14 | Transformation of 20-oxo | (11) — (14) —1.3 +1.4 on 
pears to have a somewhat high Ae value, whereas that of 1-dehy- to 20-8-OH * 
dro-17-a-hydroxycortexone (steroid 13) appears rather low. The to 
same conclusion for steroid 13 can be drawn from the Ae difference th 
between compounds 13 and 23, as compared with the other pairs have been observed (Sections 1, 2, 5, and 7, Table V). Intro- 5 
of Section No. 1. duction of both 1l-oxo and 17-a-hydroxy groups decreases the lat 
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interaction as expected if the effects are considered additive 
(Section 6 in Table V). 

Whereas the 21-hydroxy group affects the protein interaction 
only slightly (Section 7, Table V), acylation of the 21-hydroxy 
group causes some strengthening of the interaction (Sections 8 
and 9, Table V). This latter result is in agreement with the 
general conclusion that decreased solubility in water parallels 
an increased affinity to such proteins as HSA or BLG. 

A similar interpretation appears applicable to the finding that 
a 2-methyl group strengthens the interaction with HSA or BLG 
(Section 10 in Table V). In this case, higher van der Waals’ 
forces can be expected in the immediate vicinity of the chromo- 
phoric system. Stronger van der Waals’ forces have been 
considered to be responsible for increased binding to serum 
albumin (17). 

Introduction of a A double bond produces, if anything, a 
weakening of the protein interaction (Section 11 in Table V). 
From the few examples listed in Sections 12 and 13, it seems that 
the epimerization of the hydroxy groups at C-11 and C-17 from 
their natural steric positions, i.e. from axial to equatorial, is 
connected with a slight weakening of their binding to HSA. The 
same seems to be true for the reduction of the 20-oxo group to 
the 20-8-hydroxy group (Section 14, Table V). 

Those findings, with the various types of steroids, which are 
compiled in Table V support the general concept of a decreased 
affinity to protein when there is an increase in the number of 
hvdroxy or keto groups.“ The spectrophotometric effect appears 
to be additive. In comparing the behavior of HSA and BLG 
in their interaction with the steroids, it should be remembered 
that the concentration of the two proteins is equal on a weight 
per volume basis. Since the values reported for the molecular 
weight of BLG at neutral pH range are between 35,000 (18) 
and 41,500 (4, 19), there are approximately 7 molecules of BLG 
present for each 4 molecules of HSA. 

The inverse relationship between the “polarity” of the steroid 
and the strength of interaction with protein was recognized, 
and it was discussed first in respect to serum albumin (15, 16). 
A similar relationship was recently demonstrated for the binding 
of bile acids to HSA (20), and it was also observed for the inter- 
action between A‘-3-ketosteroids and a number of other proteins, 
including milk proteins (1). However, this weakening of the 
binding with the increasing “‘polarity” of the steroids does not 
hold true for all proteins. For a number of enzyme proteins 
it was recently observed (2) that the strength of interaction with 
progesterone, cortexone, and cortisol was in direct proportion to 
the number of polar groups present in the steroids. This is 
illustrated in Table VI for the two types of proteins (Nos. I to 5 
and Nos. 6 to 9, respectively). The binding behavior between 
the two groups of proteins is typified by the expression AC) / 
Ae(P), the quotient of the Ae values for the higher polar cortisol 
(C) and the relatively nonpolar progesterone (P), respectively. 
This quotient is below unity for the first group of proteins (Nos. 1 
to 5). The particularly low value for BLG (No. 4) reflects again 


* It will be noted that the influence of a hydroxy group at C-11 
is greater than that of a hydroxy group at C-17 or C-21. Appar- 
ently the distance from the chromophoric system in ring A has a 
modifying effect on the ultraviolet absorption; substituents close 
to the unsaturated keto group have a stronger influence than 
those that are more remote. This appears to be a unique feature 
of the spectrophotometric method, and it will be discussed in a 
later report. 
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Taste VI 


Ae Values for progesterone (P), deozycorticosterone (D) and 
cortisol (C) in the presence of various proteins* 


* * * 20 po! | — 
No. Protein for P | for D | forC A | serine ber 108 
21) em. (19) 
o 13.9 12.6 5.7 0.41 4.5 71 
2 Bovine Serum Al- 
bumin........... 11.3 10.5 1.0 0.35 4.4 89 
3 Human globin 7.8 6.5 5.5 0.71 53.3 923 
13.3 5.4 0.9 0.07 4.3 82 
5 Casein 9.6 7.1 1.8 0.19 6.3 101 
6 Lysozymeft........ 11.8 12.8 15.5 1.31 6.9 110 
7 | Chymotrypsin..... 10.8 | 12.7 | 12.9 | 1.19 | 10.2 
8 | Chymotrypsino-... 
P 9.1 10.7 13.3 1.46 11.3 | 194 
9 Trypsin........... 5.1 4.9 5.2 1.02 12.4 


a Concentration of steroids: 2 X 10~* M; concentration of pro- 
teins: 2.76 mg. per ml.; solvent: phosphate buffer pH 7.6, ionic 


strength 0.1. 
t 1.72 mg. per ml. 


t Horse hemoglobin. 


the above mentioned high binding value for progesterone, in 
addition to a weak interaction with cortisol. The second type 
of proteins (Nos. 6 to 9) has Ae(C) /Ae(P) values of more than 1. 

It seems noteworthy that the difference in the binding behavior 
is parelleled by a difference in the content of hydroxy groups or of 
serine (Table VI). Apparently, proteins having a greater 
number of aliphatic hydroxy side chains show a relatively higher 
affinity for the steroids that have more polar groups. Forma- 
tion of hydrogen bonds between the hydroxy groups of the 
steroids and those of the proteins in these cases can be considered 
an effective counterbalance to the interaction of water molecules 
with the hydroxy groups of the steroids. In the competition 
with the water molecules, the proteins with the greater number 
of aliphatic hydroxy groups (Table VI, Nos. 6 to 9) are thus 
better able to form complexes with the more polar steroids than 
are those proteins of the first type (Nos. 1 to 5). 

This interpretation takes into account only one structural 
element of the proteins. There can be no doubt that other 
structural features play a role in protein binding to the steroids. 
The molecular arrangement in the protein molecule which is 
responsible for the interaction with the A*-3-ketosteroids is 
unknown. A comparison of the Ae values for HSA with those 
for BLG (Table I) indicates that there are elements of chemical 
structure or spatial configuration which account for specific 
binding to the various steroids. For instance, progesterone 
(No. 1) does not appear to be attached much more strongly to 
HSA than 17-a-hydroxyprogesterone (No. 4) and deoxycortico- 
sterone (No. 5), whereas the latter two compounds show medium 
interaction with BLG, in contrast to progesterone which is 
bound to this milk protein in an apparently highly specific 
interaction. Table I contains many examples of a similar 
nature. Obviously, several structural elements of the proteins 
are involved in the interaction with steroids. 

SUMMARY 

The spectrophotometric procedure used in this work was 

found to indicate for several A‘-3-ketosteroids approximately 
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the same relative strength of binding to proteins as was indicated 
by other methods. Introduction of hydroxy or oxo groups into 
the steroids resulted in a decrease of interaction with human 
serum albumin and g-lactoglobulin; methyl groups at C-2 
strengthened the binding. The magnitude of these effects 
depended on the position and the steric arrangement of the 
groups introduced into the steroid molecule. The interaction 
with albumin and lactoglobulin decreased with the increasing 
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“polarity” of the steroids, whereas this relationship was reversed 
with a number of other proteins. 

Use of water instead of alcohol as solvent for various 403. 
ketosteroids caused a bathochromic shift of the ultraviolet 
absorption maximum of about 8 my. Introduction of a methyl 
group at C-2 reduced the molecular extinction coefficient by 
about 1000. 
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A Scheme for the Separation of Pituitary Proteins 
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A comprehensive scheme for the isolation of a maximal num- 
ber of anterior pituitary hormones and enzymes from a single 
crude extract would be valuable both for investigative and 
industrial purposes. Current methods for the isolation of 
pituitary hormones are designed to isolate one or sometimes 
two hormones which are of immediate interest to a particular 
investigator (1-12). In general, the methods employed are 
designed for the preparation of a particular hormone; usually 
no data are presented regarding the disposition of other hor- 
mones. The only comprehensive and systematic scheme for 
the fractionation of all the known anterior pituitary hormones 
from a single extract was described by Fevold et al. (13, 14) 
in 1940. The scheme was based on a thorough study of the 
salting out properties of the individual hormones from a crude 
extract of sheep pituitary glands. Although the preliminary 
separations were successful, extensive purification of the crude 
hormone fractions was not attempted. 

The present study describes a scheme for the separation and 
extensive purification of the following sheep pituitary hormones: 
FSH,' LH, and TSH. Also included is the partial purification 
of GH and the proteolytic enzyme of the pituitary which has 
been designated as Proteinase I by Adams and Smith (15). 
The method has been successfully used for fractionating from 
| to 50 kilo quantities of pituitary glands. 


All fractionation procedures were performed in a cold room 
maintained at 5°. Salt concentrations are expressed as mo- 
larities and are corrected for volume expansion of the solvent. 
FSH activity was assayed by the method of Steelman and 
Pohley (16) using 25 day-old Sprague-Dawley rats. Potency 
was calculated from parallel log dose-response curves of the 
test preparation and an FSH standard (Armour 264-151-X) 
which was arbitrarily assigned l unit per mg. LH was assayed 
by the ventral prostate method (17) using 25 day-old rats. 
Injections were given subcutaneously twice daily for 4 days 
and the ventral prostates were weighed on the 5th day. Potency 
was estimated from parallel log dose-response curves of the 


* This investigation was supported by research grants A-1275 
and A-1313 from the National Institute of Arthritis and Metabolic 
Diseases, U. S. Public Health Service. 

These investigations were undertaken to facilitate the large 
scale production of anterior pituitary hormones for the Endo- 
crinology Study Section, National Institutes of Health. 

The abbreviations used are: FSH, follicle-stimulating hor- 
mone; LH, luteinizing hormone; TSH, thyroid-stimulating hor- 
mone; GH, growth hormone; and DEAE-cellulose, diethylamino- 
ethyl cellulose. 


test preparation and a laboratory standard. Fraction II- 3, an 
LH and TSH concentrate shown in Table I, served as the LH 
standard and was assigned unit activity per mg. Under the 
conditions of the assay procedure the standard produced a 50 
per cent increase in prostate weight at a total dose of I mg. 
TSH potency was estimated from the P uptake of the thyroids 
of 2 day-old chicks (White Rock), according to the method of 
Lamberg (18). The TSH potency was calculated from the 
parallel log dose-response curves of the test preparation and 
the U.S.P. thyrotropin reference standard. Growth hormone 
was assayed in 100 gm. hypophysectomized rats, 3 weeks post- 
operative, by the 10 day weight gain method of Marx et al. 
(19). U.S. P. growth hormone, assigned unit potency, served 
as the reference standard. Proteinase I and II activities were 
measured by the spectrophotometric method (20) using de- 
natured horse hemoglobin as the substrate. The procedural 
details are those given by Adams and Smith (15), with the 
exception that before the assay, Proteinase I was activated by 
incubation at pH 4 and 40° for 40 minutes. 

The cation exchanger, Amberlite IRC-50, (CG-50), Type II, 
passing 200 mesh, purchased from the Fisher Scientific Co., 
was cycled through the Na“ and H“ forms with intermittent 
removal of fines by decantation, in the manner described by 
Hirs et al. (21). Preparatory to its use in column chromatog- 
raphy and batchwise adsorption, an aqueous suspension of the 
resin was adjusted to the required pH with alkali and exhaus- 
tively equilibrated with the desired buffer as recommended by 
these authors. DEAE-cellulose contained 0.6 to 0.7 m.eq. 
of basic groups per gm. and was prepared as described previously 
(22). 

The precipitation of protein by metaphosphoric acid and the 
subsequent removal of the reagent were accomplished by the 
following procedure. A solution of the reagent, 0.1 m with 
respect to HO,, was freshly prepared from a commercially 
available mixture of 35 per cent metaphosphoric acid and 
sodium metaphosphate (Merck). The reagent was added drop- 
wise to the protein solution until the desired pH, measured by 
a glass electrode, was achieved. After suspending the pre- 
cipitate in some water and dissolving it by the addition of I N 
NaOH to between pH 6 and 7, the metaphosphate was removed 
by dialysis. 

EXPERIMENTAL 


Extraction—Frozen whole sheep pituitaries were ground by 
two passes through a meat grinder after which the mash was 
suspended in 5 liters of 0.1 u (NH,)-SO, per kilo of glands. The 
pH was adjusted to between 7.4 and 7.5 with 2 * NaOH and 
the suspension was stirred mechanically for about 20 hours. 
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Tasie I 
Distribution of hormone and Proteinase I activities in extract and salt fractions 
Fraction No. Fractionation step Yield TSH FSH LH Proteinase I 
gm./kg. | wmits/mg. | wmits/hg. wmits/mg. | wmils/hg. wmits/mg.  wmils/hg, 
I pH 5.5, 0.1 u (NH.) SO. extract 51.1 0.02 1020 (0.07) | 3580 0.1 3100 6 49,000 
II 22 u (NH,)2SO, precipitate 31.7 0.03 950 (0.03) f 950 0.15 4750 7 35, 500 
III | 3m (NH.) S0. precipitate 19.4 0.01 19% 0.08 1550 0.01 194 5 14,500 
III | pH 5.5, 0.1 m KCl precipitate 18.7 0.005 104 0 0 0.01 187 
11-2 | 1.25 u (NH.) S0. precipitate 10.2 0.025 255 0 0 0.1 1020 7 11,400 
13 3 (NH.) S0, precipitate 24 | 0.40 | 960 0.08) 102 1 2400 12 146,200 
11-4 | Dialysis precipitate 0.4 0 0 0.0 f 
III | 2m (NH.) S0. precipitate 18.2 C0. 01 0.01 182 0.01 | 182 3.4 | 10, 200 
I1I-2 | Dialysis precipitate 0.5 | <0.01 0.2 80 | | 
I1I-3 | 3m (NH,)2SO, precipitate 0.7 | <0.01 1 700 0.01 0 


The yields given here are the minimal ones which were obtained from a series of 12 fractionations. Significantly higher yields 
of Fractions II-3 and III-3 can be and were obtained depending on the quality, age, etc., of the pituitary glands. 


t See initial fractionation of extract in text. 


The insoluble tissue residue was then removed by centrifugation 
and discarded. The turbid supernatant solution was adjusted 
to pH 5.5 by the addition of 2 n HCl and the precipitate that 
formed was removed by centrifugation and dried with acetone. 
The acetone-dried precipitate contains all of the Proteinase II 
activity? and, according to Fevold (14) most of the corticotropic 
and lactogenic activity. The red, opalescent supernatant 
solution (Fraction I) contained FSH, LH, TSH, and Proteinase 
I. The bioassay data for these activities as obtained from a 
representative extract are shown in Table I. 

Initial Fractionation of the Extract (Fraction 1)—The extract 
was adjusted to between pH 7.4 and 7.5 with 2 N NaOH, and 
(NH.) SO. was added to a concentration of 2.2 M. After over- 
night flocculation the precipitate (Fraction II) was removed by 
centrifugation and dialyzed until salt free. As shown in Table 
I, the major part of the TSH, LH, and Proteinase I was pre- 
cipitated in this fraction. Although bioassay indicated a 
considerable amount of FSH in Fractions I and II, the potency 
is spuriously high since the presence of LH is known to augment 
the ovarian response to FSH (23, 24). For this reason the FSH 
potencies for Fractions I and II (and II-3) are written paren- 
thetically and are intended to serve only as a rough estimate of 
gonadotropic activity. 

The salt concentration of the 2.2 m (NH.) S0, supernatant 
solution was increased to 3 u. The resulting precipitate (Frac- 
tion III) was dark red in color, and very soluble in water. It 
contained FSH as its major hormonal activity and small quan- 
tities of LH, TSH, and Proteinase I as can be seen from Table I. 

Purification of Fraction II (GH, LH, TSH, and Proteinase 1) 
The 2.2 m (NH,).SO, precipitate, dialyzed free of salt, was 
diluted with water to give 4 liters of solution per kilo of glands. 
KCl was added to a concentration of 0.1 Mu and the pH lowered 
to 5.5 by the addition of 2 Nn HCl. The resulting flocculent 
precipitate, II-1, was removed by centrifugation. This pre- 
cipitate contains mainly pituitary proteins which as yet have 
not been characterized. The purpose of the 0.1 u KCl is to 
render the growth hormone soluble at pH 5.5 so as to prevent 
an extensive loss into the precipitate. 


2 Unpublished results. 


The separation of growth hormone from TSH, LH, and Pro- 
teinase I is based on its low solubility (12) in moderately con- 
centrated salt solutions at pH 4. After removal of the pH 5.5 
precipitate, the supernatant solution was adjusted to pH 4 and 
(NH.) S0. added to a concentration of 1.25 u. The pH was 
readjusted to 4 once again after the addition of salt, and the 
flocculent precipitate (II- 2) of crude growth hormone was 
dialyzed and lyophilized. The growth potency of this fraction 
is 0.3 to 0.4 that of the U.S.P. standard growth hormone. The 
contaminating LH which is present to the extent of 0.1 unit 
per mg. can be reduced to 0.01 by reprecipitation of the growth 
hormone from a 1 per cent solution at pH 4 with 1.25 * 
(NH) S0. The details for the further purification of sheep 
growth hormone will be described in a separate report. 

The LH, TSH, and Proteinase | were precipitated from the 
1.25 M (NH.) S0. supernatant solution by increasing the salt 
concentration to 3 u. The precipitate was dialyzed until free 
of salt and any inert precipitate (IIA) which formed between 
pH 4 and 5.5 was removed and lyophilized. The clear, light 
yellow supernatant solution (11-3) was lyophilized at pH 5.5. 
As can be seen from Table I, the LH, TSH, and Proteinase | 
were concentrated in this fraction. 

Purification of Fraction III (FSH)—The 3 u (NH,)380, pre- 
cipitate was resuspended, without dialysis, in enough water to 
give 1.5 liter of solution per kilo of glands. (NH) SO, was 
added to a final concentration of 2.0 M and the pH was adjusted 
to 4 by the addition of 2 * HCl. After the bulky dark brown 
precipitate (III-I) had flocculated on standing overnight, it was 
removed by centrifugation. The (X H.) S0, concentration of 
the clear, light yellow supernatant solution was increased to 
3 Mu. The resulting precipitate was dialyzed until salt free and 
any precipitate (111-2) which formed on dialysis was removed. 
The clear supernatant solution (III-3) was adjusted to pH 5.5 
and lyophilized. The bioassay data for different fractions are 
shown in Table I. The major part of the FSH activity is 
found in Fraction III-3 which is equipotent with the Armour 
FSH standard 264-151-X and also with the FSH preparation of 
Li (25). 

Concentration of FSH by Metaphosphoric Acid and Ethanol 
Precipitation—The FSH activity of Fraction I11-3 can be con- 
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centrated 2- to 3-fold by the following procedure. A l per cent 
solution of Fraction III-3 at pH 5.5 to 6.5 was titrated with 
0.1 u HPO, to pH 3.5. The resulting precipitate (111-3-1), for 
the most part inert, was removed and the titration of the clear 
supernatant solution was continued to pH 3. The small pre- 
cipitate which formed (III-3-2) was removed and the super- 
natant solution was adjusted to pH 4 with | s NaOH. The 
FSH was then precipitated by the dropwise addition of 95 per 
cent ethanol to a concentration of 35 per cent with due pre- 
caution to maintain the temperature of the protein solution 
below 7°. The somewhat gummy precipitate of the FSH 
(111-3-3) was dialyzed and lyophilized, preparatory to further 
purification. The protein (III-3-4) remaining in the supernatant 
solution was precipitated by increasing the ethanol concentration 
to 80 per cent. The potencies and yields of lyophilized fractions 
are shown in Table II. 72 per cent of the FSH activity was 
recovered in the most active fraction, I11-3-3. 

Chromatography of FSH I11-3-3 on DEAE-cellulose—A 
5-fold concentration of FSH activity can be achieved by chroma- 
tography on columns of DEAE-cellulose. The chromatographic 
fractionation of FSH (III- 3-3) is shown in Fig. 1, and the yield 
and activity of the different fractions are given in Table III. Of 
the total FSH activity applied to the column, 62 per cent was 
recovered in the first peak (III-3-3-3) which was eluted by 0.06 
u Na;HPO,. While this work was in progress, Steelman and 
Segaloff (26) reported the concentration of sheep FSH to 30 
units per mg. by a similar method. In their procedure, the 
FSH was eluted from DEAE-cellulose by the combined use of a 
salt and pH gradient. 

Zone Electrophoresis of FSH 111-3-3-3—Further concentration 
of FSH activity can be achieved by means of zone electrophoresis 
(27). The supporting medium was starch (Swan potato starch, 
distributed by Stein-Hall and Co., Inc.) buffered at pH 4 with 
0.1 Mu NaOAc-HOAc. When the FSH Fraction III-3-3-3 was 
submitted to electrophoresis for 20 hours, the pattern shown in 
Fig. 2 was obtained. The protein solutions were combined as 
indicated in Fig. 2 and dialyzed and lyophilized. Fraction | 
yielded 42 per cent and Fraction 2, 23 per cent of the weight of 
applied protein. The low recovery was due to the presence of 
dialyzable protein in the latter fraction. The FSH potency of 
Fraction I was between 30 and 40 units per mg.“ while that of 
Fraction 2 was 2 units per mg. 

The FSH obtained by the combined use of DEAE-cellulose 
chromatography and zone electrophoresis appeared to be mono- 
disperse in. moving boundary electrophoresis at pH 4 and 658, 
the mobilities* being +0.7 X 10 and —5.5 X 10°° em? see. 
volt i, respectively. 

Separation of TSH, LH, and Proteinase I (11-3)—TSH can be 
separated from this fraction by precipitation with metaphos- 
phorie acid. To a 2 per cent solution of Fraction II-3 at pH 
5.5, 0.1 u HPO, was added to pH 4.1. The resulting pre- 
cipitate (II-3-1) contains 1 U.S. P. unit of TSH per mg. and also 
appreciable quantities of LH and Proteinase I as shown in 
Table IV. The TSH can be cleanly separated from the contami- 
nating LH by reprecipitation with HPO, The precipitate of 

It is estimated that this fraction contains 0.75 per cent of the 
LH potency of Armour LH No. 227-80. The assays were kindly 
performed by Dr. A. F. Parlow using the ovarian ascorbic acid 
depletion method. 

‘ Buffers: pH 4, 0.1 u NaOAc-0.45 u HOAc; pH 6.8, 0.025 u 
Na;:HPO,-0.025 NaH,PO,. 1/2 = 0.1 
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II 
Potencies and yields of fractions obtained from the purification of 
FSH with metaphosphoric acid and ethanol 


Fraction No. Vield FSH potency 
em units ng 
111-3 0.7 1.6 
I11-3-1 0.18 0.4 
III-3-2 0.05 0 
II1-3-3 0.21 4.0 
11134 0.11 0.1 
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Fic. 1. Column chromatography of FSH on DEAE-cellulose. 
Applied 1.99 gm. of Fraction III- 3-3 dissolved in 10 ml. of buffer A. 
Column dimensions were 2.8 X 19 em. and the initial buffer (A) 
was 0.0075 u Na:HPO,-0.0075 u NaH:PO,, pH 6.9. At B solvent 
changed to 0.025 u Na:HPO,, at C to 0.06 mw Na:HPO,, at D to 
0.1 Mu K:HPO,, and at E to 0.3 u K:HPO,. Collected 16.4 ml. 
per tube at an average flow rate of 5 to 6 ml. hr. em. Tubes 
within the brackets were combined to yield the indicated frac- 
tions. 


TSH was resuspended in the original volume of water and 
dissolved by adjusting the pH to 6. The TSH was repre- 
cipitated by addition of 0.1 mw HPO, to pH 4.5. The resulting 
precipitate was dissolved at pH 6, then dialyzed and lyophilized. 
The preparation was free from LH at a total dose of 3 mg. as 
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Taste III 
Potencies and yields of fractions obtained from the 
chromatography of FSH on DEAE-cellulose 
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Tasie IV 
Potencies of TSH, LH, and Proteinase I after separation 
by precipitation with HPO, and adsorption on IRC-50 


Fraction No. Eluting“ solution Yield FSH potency 
meg. / mg. 

III-3-3 A 1993 4.0 
III- 3-3-1 A 468 0 
III-3-3-2 B 74 3.0 
III-3-3-3 Cc 248 20.0 
III-3-3-4 C 90 0 
III-3-3-5 C 283 0 
III-3-3-6 D 507 0 
II1-3-3-7 E 138 0 


* With reference to the eluting solutions described in Fig. 1. 


7: 


6 
5 
4. 
& 2 
2 
® | S 
SEGMENT NO. 


Fic. 2. Starch electrophoresis of FSH at pH 4, in 0.1 M NaOAc- 
0.45 HOAc buffer. Trough dimensions, 1.25 X 1.25 Xx 44 cm. 
Applied 86 mg. of protein in Segment 12. Operated for 20 hours 
at 10 ma., 440 volts in 5° cold room, after which starch segments 1 
cm. in width were removed, washed with buffer, and centrifuged. 
The D.: of the supernatant protein solution was plotted against 
segment number. Supernatant solutions from the tubes within 
the brackets were combined as indicated. 


judged by the ventral prostate response. However, consider- 
able proteinase activity was still present. 

The LH and Proteinase I which remain in the supernatant 
solution after the removal of the TSH can be separated by 
batchwise adsorption of the LH onto IRC-50 at pH 8. The 
HPO; supernatant solution obtained above was adjusted to 
pH 8 with 1 u NaOH. 10 gm. of IRC-50, thoroughly equili- 
brated with pH 8 buffer (0.0105 M KH;PO,-0.0064 M Na, B. O:), 
were added per 100 ml. of the protein solution (about 1.5 per 
cent) and the suspension was stirred mechanically for 3 hours. 
The resin was then filtered and washed with the buffer until 
the filtrate was free from protein. The filtrates (II-3-2) were 
combined, dialyzed, and lyophilized. As can be seen from 
Table IV, the product contained mainly Proteinase I activity. 
The further purification and the properties of this enzyme will 
be described in a separate report. 

The adsorbed LH was eluted by stirring the resin with 1 M 
NaCl in pH 8 borate buffer (100 ml. per 10 gm. of resin) for 3 
hours. The resin was filtered and washed with the 1 m NaCl 


Fraction No. Fractionation step Viel — 
| | TSH | Lit | teinase 
| | 
11-3 | (24 (0.3/1.0) 38 
11-3-1 | pH 4.5 HPO, precipitate 0.55 1.0 0 30 
LH — | | 
1132 IRC-80 unadeorbed 1.16 0 0.3 46 
11333 IRC-50 adsorbed LH 0.30 0.1 5 0 
TSH adsorp- 
tion: 
1134 IRC-50 unadsorbed 0.42 0.2 0 24 
113-5 IRC-50 adsorbed TSH 0.10 2.5 0 0 
Tant V 


Ventral prostate and seminal vesicle weight responses 
produced by LH Fraction I1-3-3 


Total dose Ventral prostate weight Seminal vesicle weight 
we. mg. & SE mg. & SE. 

0 52.2 + 3 14.7 + 0.6 
100 | 76.5 + 6 22.1 + 0.8 
200 | 72.3 + 12 26.1 + 1.0 
400 | 88.3 + 2 30.8 + 2.0 

1000 91.6 + 5 33.8 + 1.0 


* 25 day-old normal Sprague-Dawley rats (4 per group) were 
injected subcutaneously twice daily for 4 days and autopsied on 
the 5th day. 

t Standard error of the mean. 


solution until the filtrate was protein free. The LH (II-3-3) 
was recovered from the dialyzed filtrate by lyophilization. As 
shown in Table IV the LH was concentrated 5-fold above the 
starting material and although it was free from Proteinase I, 
traces of TSH were still present. The LH prepared in this 
manner appeared monodisperse as judged by free boundary 
electrophoresis at pH 4 and 6.8. The mobilities‘ were +3.7 
and —1.0 x 10 em. volt™ sec., respectively. Preliminary N- 
terminal group analyses by the dinitrofluorobenzene method 
(28) showed mainly threonine and serine in approximately a 1:1 
molar ratio, but small quantities of aspartic acid, glutamic acid, 
phenylalanine, leucine, and valine N-terminal groups were also 
present. 

It is not possible to express the potency of the LH II-3-3 
fraction in terms of some commonly accepted reference standard 
because none is available. For this reason, the average ventral 
prostate and seminal vesicle weight responses produced by in- 
creasing doses of LH II-3-3 are presented in Table V. Traces 
of FSH seem to contaminate this preparation: the ovarian 
weight of immature hypophysectomized rats (2 days post- 
operative) was increased from 10 to 23 mg. by the injection of a 
total dose of 5 mg. in 5 days. 

Purification of TSH I1I-3-1—The 1 unit TSH obtained by 
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HPO, precipitation can be concentrated to 2.5 U.S. P. units per 
mg. by the same method of batchwise adsorption as used above 
for LH concentration. To 1 gm. of the protein dissolved in 

100 ml. of pH 8 buffer (0.0105 1 NaH,PO,-0.0064 Na, B. O:), 
and 20 gm. of IRC-50, thoroughly equilibrated with the same 
buffer, were added. The suspension was stirred for 3 hours and 
filtered, after which the resin was washed with the buffer until 
the filtrate was protein free. Elution of the adsorbed TSH was 
accomplished by stirring the resin for 1 hour with 1 u NaCl in 
0.0351 M Na H;PO,-0.0213 u Na,B,O; buffer, pH 8. The eluate 
and the subsequent IM NaCl washes from the resin were com- 
bined, dialyzed, and lyophilized. The distribution of protein 
and TSH activity between the different fractions is shown in 
Table IV. 47 per cent of the original TSH activity was re- 
covered from the material adsorbed on the resin. It is apparent 
that both TSH and LH are adsorbed on IRC-50 and therefore 
this step can be used for the concentration of TSH only after 
the prior separation of the LH from the TSH by HPO, pre- 
cipitation. 

The 2.5 unit TSH (II-3-5) can be concentrated to approxi- 
mately 13.5 U.S.P. units per mg. by means of chromatography 
on a column of IRC-50. The elution pattern of the 2.5 unit 
TSH obtained from a column buffered at pH 9 is shown in Fig. 
3 and the distribution of protein and TSH activity in the respec- 
tive fractions is shown in Table VI. All of the hormone activity 
and 70 per cent of the applied protein were recovered. The 
TSH activity was concentrated mainly in Peaks 3 and 4. The 
presence of equal TSH potency in both Peaks 3 and 4 suggests 
that part of the TSH may have been altered during chroma- 
tographic operation. The transformation of one chromato- 

graphic component into another without detectable loss of 
biological activity has been observed with corticotropin (9, 29) 
and growth hormone (22). 


DISCUSSION 

It should be emphasized that the outlined fractionation 
scheme has been derived for extracts of sheep pituitaries pre- 
pared at pH 7.5. Extracts obtained by the use of Ca(OH), at 
pH 10.5 or higher (30) can be fractionated as described above 
for LH, TSH, GH, and Proteinase | but not for FSH. When 
purification of FSH from pH 10.5 extracts was attempted, the 
FSH potency of the crude FSH III-3 was only a small fraction 
of that obtained from the pH 7.5 extracts. Furthermore, the 
number of electrophoretic components and their respective 
mobilities were vastly different. Whereas Fraction I11-3 from 
pH 7.5 extracts contained at least five distinct electrophoretic 
components of approximately equal amounts, as observed by 
free boundary electrophoresis, the corresponding fraction from 
the pH 10.5 to 11.5 extracts contained only two components in 
nearly equal amounts. Compared to pH 10.5 extracts, the pH 
7.5 extracts were considerably more amenable to the concen- 
tration of FSH activity either by salting out, chromatography, 
or zone electrophoresis. 
In a recent abstract, Steelman and Segaloff (26) have reported 
the fractionation of sheep FSH on DEAE-cellulose columns by 
means of which a product 20 to 30 times as potent as the Armour 
Standard was obtained. In the present work, it has been 
possible to achieve this degree of concentration of FSH potency 
by a combination of DEAE-cellulose chromatography and zone 
electrophoresis. Li et al. (30) have described a method for the 
isolation of sheep FSH which yielded a product equipotent with 


S. Ellis 


Fic. 3. Chromatography of TSH (100 mg.) on a 1.8 X 19 cm. 
column of IRC-50. Initial buffer (A): 0.00804 Mu Na:B. O, 0.00420 
mu HCl, pH 9. At B, the buffer was changed to 0.0286 M Na,B,0;- 
0.0143 « HCl, pH 8.9; at C, 0.1 u KCl was added to the buffer (B). 
At D, 1.0 M KCl was added to the buffer (B). A volume of 4 to 6 
ml. was collected in the tubes at an average flow rate of 6 ml. 
hr. 1 em.-* Tubes within the brackets were combined to yield 
the indicated fractions. 


Tasie VI 
Potency, yield, and elution volumes of the peaks obtained 
from the chromatography of TSH 
—ñ — 2 
me 
11-3-5 2.5 100 A 
11-3-5-1 0 | te A 1 
11-3-5-2 0.5 2.5 B 2.5 
11-3-5-3 13.5 8.4 B | 9 
113-54 13.5 8.5 1 
11-3-5-5 2.3 11.0 C 1.6 
11-3-5-6 0 5.1 C 6 
11-3-5-7 0 5.8 D 1 


* With reference to the composition given in Fig. 3. 
? Expressed as multiples of the hold-up volume of the column 
and calculated with respect to the eluting solution in which the 


peak emerged. 


the Armour Standard (25) and appeared homogeneous by 
electrophoresis and ultracentrifugation. Inasmuch as it has 
been possible to concentrate the FSH potency 20 to 40 times it 
would appear that the product obtained by Li et al. was mainly 
inactive protein containing not more than a few per cent of FSH. 

Condliffe and Bates (31) have recently described the purifica- 
tion of beef TSH to a level of 15 U.S.P. units per mg. by means 
of column chromatography on carboxymethyl- and DEAE- 
cellulose. It is noteworthy that TSH from a different species, 
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namely sheep, can be purified to a similar potency (13.5 U.S. P. 
units per mg.) 


SUMMARY 


A scheme is presented for the separation and extensive puri- 
fication of follicle-stimulating hormone, thyroid-stimulating 
hormone, and luteinizing hormone. The separation and partial 
purification of growth hormone and Proteinase I are also de- 
scribed. Following the isolation of the follicle-stimulating 
hormone in a crude form, the hormone was concentrated to a 
potency 30 to 40 times that of the Armour Standard by the 
successive use of metaphosphoric acid and ethanol precipitation, 
chromatography on diethylaminoethyl cellulose, and zone 
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electrophoresis on starch. The thyroid-stimulating hormone 
was separated from luteinizing hormone by precipitation with 
metaphosphorie acid and concentrated to 13.5 U.S.P. units per 
mg. by batchwise adsorption and column chromatography on a 
cation exchange resin. Luteinizing hormone was concentrated 
to a potency 50 times that of the initial extract by batchwise 
adsorption on this resin. 

The importance of the method of extraction of pituitary 
glands is discussed in relation to the purification of follicle- 
stimulating hormone. 
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In a previous communication (1) it was reported that the 
products formed by the interaction of fluoropyruvic acid with 
mercaptans exhibit characteristic ultraviolet absorption spectra. 
a- or B-aminothiols with an unsubstituted amino group (cysteine, 
etc.) gave products of high absorbancy, with a peak in wave 
length between 295 and 300 my (Type II spectrum). Those 
lacking the free amino group (glutathione, etc.) formed com- 
pounds of a much lower absorbancy, with a peak between 265 
and 275 my (Type I spectrum). This reaction of fluoropyruvic 
acid was utilized for the quantitative estimation of cysteine 
and related compounds (2). A similar procedure was not 
applicable for the direct estimation of glutathione and other 
thiol compounds possessing Type I spectra because of a relatively 
low absorption intensity. Further studies revealed, however, 
that a conversion of the Type I to Type II spectrum can be 
effected by borate. This effect of borate permitted the develop- 
ment of a spectrophotometric method for the determination of 
glutathione and related compounds. 


MATERIALS AND METHODS 


B-Mercaptopyruvic acid (ammonium salt) was a product of the 
Bios Laboratories, Inc. The concentration of stock solutions of 
thiol compounds was checked by iodometric titration (3). All 
other materials and experimental procedures employed are 
described in a previous communication (2) or in the legends. 


Effect of Borate on Absorption Spectrum In preliminary 
experiments it was observed that the absorption peak of the 
GSH-FP' compound at x 275 my under the usual conditions of the 
experiment in either Tris, phosphate, or bicarbonate buffers 
increased to X 290 my in concentrated borate solution. The 
displacement of the peak was accompanied by an increase in 
light absorbancy; the maximum was reached when the con- 
centration of the borate approached 0.56 M (Fig. 1). Phosphate, 
arsenate, and Tris at the same concentration were ineffective. 
Other thiol compounds that form derivatives with FP charac- 
terized by a peak between 265 my and 275 my (thiomalic 
and thioglycolic acids) responded to borate in a similar manner. 
Since the products of the interaction of FP with mercaptans can 

* This investigation was supported by a grant from the United 
States Public Health Service. 

The abbreviations used are: Tris, tris(hydroxymethy])amino- 
methane; GSH, reduced glutathione; FP, fluoropyruvic acid; GSH- 
FP, the product of interaction of GSH and FP; Emu for the 
millimolar extinction coefficient. 


be presented as derivatives of 8-mercaptopyruvic acid of the 
general formula RCH:SCH:COCOOH (2), it is relevant to note 
that a spectral shift to longer wave lengths also occurred when 
borate was added to a solution of the unsubstituted 6-mercapto- 
pyruvic acid (Fig. 2). The location and the millimolar extinction 
coefficient of the peak of some thiol compounds in borate (pH 
8.1) are recorded in Table I. 

Effect of Concentration of Fluoropyruvic Acid—When the con- 
centration of GSH was kept constant and that of FP was in- 
creased, the maximum light extinction coefficient was reached 
with a 6-fold excess of FP (Fig. 3). 

Effect of p The kinetics of the formation of the GSH-FP 
compound in borate buffer was essentially similar to that ob- 
served with cysteine and GSH in Tris or phosphate buffer (2). 
By using a large excess of FP the course of the reaction was 
found to be pseudomonomolecular, and the velocity dropped 
steeply on the acid side of the pH scale (Fig. 4). The ultra- 
violet spectra of FP, GSH-FP, and cysteine-FP were compared 
at pH 8.1 and pH 2 (Fig. 5). In the acid medium the peak of 
the GSH-FP compound decreased from 290 my to 285 my, and 
concomitantly the absorbancy was increased. At pH 2 the 
peak of the cysteine-FP compound was split in two, and in 
contrast to GSH-FP the height of the peak was lowered. Other 
Type I and Il compounds responded as GSH-FP and cysteine-FP, 
respectively. FP has also a peak at X 290 mu in slightly alkaline 
borate (pH 8.1) with an extinction coefficient 30 times lower than 
that of GSH-FP. At pH 2, however, the peak of FP disappears 
and its absorption becomes negligible over and above the wave 
length of X 280 my. 

Stability—Independently of the prevailing pH, the thiol-FP 
compounds of both Types I and II are very stable in borate. 
In the course of 2 hours no appreciable change was noted in 
the light absorption. In contrast to the stability of the absorp- 
tion peaks of the thiol-FP derivatives, those of the unbound FP 
or 8-mercaptopyruvic acid declined rapidly in borate buffer, 
pH 8.1. The half-life times were 30 and 15 minutes, respec- 
tively. 

Determination of GSH—In order to obtain a satisfactory rate, 
the reaction between GSH and FP has to be conducted in a 
slightly alkaline medium (Fig. 4). At pH 8.1, however, the 
excess of FP reagent contributes considerably to the light 
absorption (Fig. 5A). It was therefore desirable to minimize 
its influence. This was achieved by acidifying the medium 
after the completion of the reaction. The higher extinction of 
GSH-FP (Fig. 5) in acid also increased the sensitivity of the 
method. 
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Fic. 1. Effect of borate on the absorbancy of GSH-FP. The 
reaction mixture contained GSH (0.1 mm). The concentration 
of all the other components and the condition of the reaction 
were as described in the Standard Procedure (Stage 1).’’ The 
concentration of borate was varied as indicated. 


Optical Density 


LT. 


Wave Length(mu) 


Fic. 2. Ultraviolet spectrum of 8-mercaptopyruvic acid (3 mm) 
in 0.05 M Tris () and in 0.56 M borate (4) buffer (pH 8.1). 


TABLE I 
Location and Emu of the absorption peaks of some thiol-FP 
compounds in borate solution* 

Compound Location of peak Emu 

my 
290 0.1f 
D 290 2.2 
Thiomalate-FP........... 290 2.5 
Thioglycolate-FP......... 290 1.9 
Cysteine-FP.............. 300 5.2 


»The concentration of borate was 0.56 M, at pH 8.1. The con- 
ditions of the experiment were as described under the section on 
Standard Procedure. 

t Extrapolated to zero time. 


Reagents 
Fluoropyruvic Acid (FP)—An aqueous solution of 0.1 Mu was 
used (for its stability, see Avi-Dor and Mager (2)). 
Standard GSH Solution—A stock solution of 0.1 M GSH 


Determination of Reduced Glutathione 


Vol. 233, No. 1 


ZmMCK290mp) 


Concentration 
Fluoropyruvic Acid cmi 


Fic. 3. Effect of the concentration of FP on the absorbancy of 
GSH-FP. The concentration of FP was varied as indicated. 
The concentration of borate was 0.56 M, other conditions of the 
experiment were as in Fig. 1. 


pH 


Fic. 4. Effect of pH on the velocity of the reaction between 
FP and GSH. The pH of the borate (0.56 u) was adjusted by 
HCl or NaOH as indicated. Other conditions of the experiment 
were as in Fig. 1. 


was prepared daily. It was diluted to the required strength 
before the experiment. 

Buffer—1 M borate buffer at pH 8.1 was used. 

Acid—5 M HCl (perchloric or metaphosphoric acid of equal 
strength can also be used). 

Standard Procedure—To obtain the standard curve, 2.0 ml. 
of borate, 0.1 ml. of FP, varying amounts of 1 mu GSH 
and water to a total volume of 3 ml. were pipetted into a 
Beckman silica cell. The control cell contained all the com- 
ponents with the exception of GSH. The reaction mixture was 
incubated at room temperature for 5 minutes (Stage 1). Then 
0.2 ml. of 5 * HCl was added. The final pH was approximately 
2 (Stage 2). The difference in light extinction coefficient between 
the cell containing GSH and the control cell at x 285 my was then 
registered. No correction was applied for the absorption of 
GSH, since it is negligible at the concentration range used. 

The procedure for the determination of GSH solutions of 
unknown strength was analogous to that for obtaining the 
standard curve. A linear relationship was obtained in a wide 
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Fic. 5A and B. Ultraviolet absorption spectrum of GSH-FP 
(O, @), exsteine-FP (A, A) and FP (Q, O at pH 8.1 (O, A, Q) 
and at pH 2 (@, A. . The thiol-FP compounds were produced 
as described under the section on “Standard Procedure (Stage 1) 
in 0.56 M borate buffer, pH 8.1. To obtain the absorption spectra 
at pH 2 the products of the reaction were acidified with 0.2 ml. of 
5 * HCl. 


range of concentrations (Fig. 6). Results were reproducible 
within the limits of 5 per cent. 

Interference—The same substances which did not interfere 
with the determination of cysteine (salts, protein hydrolysate) 
were found also not to affect the estimation of GSH. This 
method does not distinguish between GSH and other Type I 
thiol compounds and therefore their presence will interfere with 
the assay of glutathione. 

Determination of GSH and Cysteine in Mixture of Both Com- 
pounds—In acid medium (pH 2) at A 285 my the Emu of GSH- 
FP (gr) = 3.0) and that of cysteine-FP (Ee = 3.5) are of a 
similar magnitude, whereas at A 320 my the light extinction co- 
efficient of GSH-FP (EA) = 0.3) is only a small fraction of that 
of the cysteine-FP compound (E335 = 3.6). This large difference 
in the contribution to light absorption by the two compounds al- 
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Fic. 6. Standard curve for the determination of GSH. The 
conditions of the experiment were as described under the section 
on “Standard Procedure. Each mark on the plot represents the 
mean value obtained from three determinations. 


lows the computation of their respective concentrations from two 
simultaneous equations. 

Procedure—Proceed exactly as described under the section on 
standard procedure for the determination of GSH. Measure the 
light extinction coefficient of the acidified reaction product at the 
wave lengths of 285 and 320 my. Calculate the concentration of 
GSH and cysteine from the following equations: 


En = EA (GSH) + 
Exo = [GSH] + 


The brackets denote millimolar concentrations. In mixtures in 
which the concentration of GSH varied from 0.05 to 0.15 mm 
and that of cysteine from 0.03 to 0.10 mu this method gave 


satisfactory results (Fig. 7A and 7B). 
DISCUSSION 

The most widely used methods for the determination of thiol 
compounds, like the reaction with sodium nitroprusside (4) 
or with p-chloromercuribenzoate (5), do not distinguish between 
glutathione and other mercaptans. The present method which 
is based on the interaction between FP and GSH in borate solu- 
tion compares favorably in its sensitivity with the above methods. 
It also allows a quantitative estimation of GSH and cysteine, 
within certain concentration limits, in a mixture of the two 
compounds. It is surpassed in specificity by the alloxan method 
(6) and the enzymatic glyoxalase test (7). It has, however, 
the advantage of being rapid and simple and of allowing in one 
determination the estimation of both the concentration of 
cysteine and GSH. 

The effect of borate on the spectrum of GSH-FP resembles in 
many respects that reported recently for p-hydroxyphenylpyruvic 
acid (8). In the latter case, borate was shown to shift the 
equilibrium between two tautometric forms in favor of the enol 
form due to complex formation. Concomitantly with the 
enolization, the absorption peak was displaced from 260 to 300 
my. The similarity between the spectral response to borate of 
p-hydroxyphenylpyruvic acid on the one hand, and of SH-FP 
compounds (of the general formula RCH:SCH,COCOOH) and 
8-mercaptopyruvic acid (SHCH:COCOOH) on the other hand, 
suggests that in all three cases a common reaction mechanism, 
enolization of the a-carbonyl with the formation of a system 
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Fic. 7A and B. Correlation curves between the actual con- 
centration of GSH and cysteine in a mixture of the two and the 
concentration measured in the assay (the conditions of the ex- 
periment and the method of calculation are described in the test). 
The actual concentration of the component was estimated by 
iodine titration of the stock solutions. In Fig. 7A (left) the 


(RCH=C(OH)COOH), with a conjugated double bond, might 
be involved. The slight differences in the location of the peaks 
might be attributed to the dissimilarity of the substituents 
(—R groups). It is of interest to note also the resemblance 
between the spectrum of the above compounds and that of the 
glutathione-alloxan complex (6). In the case of cysteine and 
related compounds, that produce, with FP, compounds with a 
high absorption peak also in the absence of borate, the a-amino 
group could be responsible for the enolization. The possibility 
that the amino group exerts its effect by an intramolecular 
interaction with the enol-hydroxyl is being investigated. 


SUMMARY 


1. Addition of borate to the product of interaction between 
fluoropyruvie acid and thiol compounds, which have no free 
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of 


Measured 


0.050 


0150 
Achial concentration of GS 


Fic. 7B 


actual concentration of GSH is indicated on the abscissa and that 
of cysteine as follows: O, no cysteine; A, 0.033 mu; Q, 0.066 mu; 
P. 0.100 mu. In Fig. 7B (right) the actual cysteine concentra- 
tion is indicated on the abscissa and that of GSH by the following 
marks: @, no GSH; A. 0.050 mu; @, 0.100 mu; and CL. 0.150 mu. 
Each mark represents the mean value from three experiments. 


amino group in the a or d position, produced a shift in the 
absorption peak from 275 to 290 my with a concomitant in- 
crease in absorbancy. 

2. The high extinction of the resulting borate complex was 
utilized for the spectrophotometric determination of reduced 
glutathione. 

3. The spectral differences existing between the glutathione- 
fluoropyruvie acid and the corresponding cysteine derivative, 
made possible the determination of both mercaptides in a 
mixture of the two. 

4. Some aspects of the mechanisms of the reaction are dis- 
cussed. 


—The author is grateful to Prof. E. D. 
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On the basis of analysis of its N-terminal amino acid sequence 


J and of studies on oxidation with performic acid (2), it has 


been proposed that ovine prolactin consists of a single poly- 
peptide chain with a cyclic configuration at the C-terminus 
(2, 3). In order to investigate the possibility that one of the 
three cystine residues in the molecule may form a loop at the 
(C-terminus, the hormone protein was subjected to reduction 
with mercaptoethanol, and subsequent analysis of the C-terminal 
residue of the reduced product was carried out. The results 
of these investigations are reported in this paper. 
EXPERIMENTAL 

Highly purified preparations of lactogenic hormone were 
prepared from whole pituitary glands of sheep according to 
the published procedure (4). Preparation of the hormone oxi- 
dized by performic acid has already been described (2). The 
crystalline carboxypeptidase used in these studies was a com- 
mercial product obtained from the Worthington Biochemical 
Corporation; before use, a 50-fold excess of diisopropylfluoro- 
phosphate was added to the enzyme solution to destroy the last 
traces of endopeptidase activity (5). The enzymatic reaction 
was carried out with an enzyme to substrate molar ratio of 
1:35, by means of the procedure previously outlined (6). Hy- 
drazinolysis (7, 8) was employed for the analysis of the C-terminal 
residue. Quantitative determination of certain amino acids in 
the hydrolysates of either the reduced or native proteins was 
carried out according to the method of Levy (9). 

Preparation of S-Carbamidomethyl-N-Dinitrophenyl-C ysteine 
and ~-S-Carborymethyl-N -Dinitrophenyl-C ysteine'—S-carbamido 
methyl-cysteine and S-carboxymethyl-cysteine were prepared 
according to the method described by Michaelis and Schubert 
(10). It should be noted that although these authors did not 
prepare the S-carbamidomethyl derivative, in the present 
study their procedure yielded the compound quite readily from 
the slightly alkaline solution. The compound was recrystallized 
from hot water. 


* This work was supported in part by a grant (No. RG 4097) 
from the National Institutes of Health of the United States Pub- 
lic Health Service. 

t Present address: Enzyme Research Division, Army Chemical 
Center, Edgewood, Maryland. 

' The authors wish to acknowledge the assistance of Mr. David 
Chung during this phase of the investigation. 


The DNP* derivatives of both compounds were prepared by 
the procedure of Levy and Chung (11). The S-carbamido 
methyl-N-DNP-cysteine (DNP-CyS-CH.CONH:) was crystal- 
lized several times from ethanol-water. The S-carboxymethyl- 
N-DNP-cysteine (DNP-CyS-CH.COOH) was isolated as the 
monosodium salt (the free acid could not be crystallized) and 
was recrystallized from ethanol-water. 

Table I presents some physicochemical data for these two 
DNP compounds. The extinction coefficients were measured 
from a solution composed of approximately 2.5 mg. of each 
DNP compound weighed accurately into 100 ml. volumetric 
flasks containing 1 per cent sodium bicarbonate. The absorp- 
tion spectra were obtained by determinations in triplicate on a 
Beckman model DU spectrophotometer with standard 1 em. 
quartz cells. The one-dimensional paper chromatography was 
carried out on Whatman No. | filter paper in a 2 M phosphate 
buffer of pH 5.8. 
ion of Reduced Prolactin—100 mg. of ovine prolactin 
were dissolved in 10 ml. of 10 u urea containing 3 per cent mer- 
captoethanol; 4 ml. of concentrated NH,OH were added in 
order to bring the pH of the solution to 9.8. The whole solu- 
tion was placed in a cellophane bag and dialyzed at room tem- 
perature against 125 ml. of the reducing mixture (i.e. 10 u urea, 
3 per cent mereaptoethanol, pH 9.8) in a glass-stoppered cyl- 
inder. After 3 days, the dialyzed solution was placed in a 
beaker containing | gm. of iodoacetamide; 10 minutes later 
the whole solution was again dialyzed, this time against cold 
running tap water. After 2 hours of dialysis, 200 mg. of iodo- 
acetamide were added to the bag in order to insure the complete 
alkylation of the -SH groups. The reduced hormone solution 
was thoroughly dialyzed and lyophilized. The yield of pro- 
lactin-S-CH.CON H. was 95 mg. 

If prolactin -SH was desired, the reduced solution was not 
allowed to react with iodoacetamide, but instead was dialyzed 
thoroughly against 3 per cent mercaptoethanol for 5 days, 
lyophilized, and stored under a vacuum. 

The extent of the reduction of lactogenic hormone could be 
determined by comparing the proportion of DNP-cysteine- 
CH. COOH to diDNP-cystine in an acid hydrolysate of the 
reduced prolactin-S-acetamide. The native hormone was also 


? The abbreviations used are: DNP, dinitrophenyl; CyS, eys- 
teinyl. 

? Acid hydrolysis of prolactin-S-CH,CONH, should yield CyS 
CH.COOH (ef. Lindley (12)). 
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Some physical properties of S-carbamidomethyl-N -dinitrophenyl- 


cysteine and S-carbozrymethyl-N-dinitrophenyl cysteine 
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„ 165° 112° 
Analysis f 
Theoretical 
/ 38.4 36.0 
3.49 2.72 
16.3 11.4 
Found 
38.5 35.61 
os 3.53 3.0 
² 16.4 11.0 
Molar extinction coefficient (at 360 
²˙ 2 17,700 17,200 
%%% K 0.15 0.27 


* Uncorrected. 

t The analysis was performed by the Microanalytical Labora- 
tory of the Department of Chemistry, University of California, 
Berkeley, California. 

t Very hygroscopic. 


§ Phosphate buffer, 2 u, pH 5.78; — a ae 1. 


hydrolyzed and the cystine content compared with that of the 
reduced hormone. The two methods gave comparable results. 


RESULTS AND DISCUSSION 


Analytical Data—S-carboxymethyl-L-cysteine has previously 
been prepared by Dickens (13) and more recently by Michaelis 
and Schubert (10). The preparation of S-carbamidomethyl- 
L-cysteine by allowing cysteine to react with iodoacetamide has 
also been reported (14). As far as we are aware, however, the 
DNP derivatives of S-carboxymethyl-cysteine and its amide 
have not heretofore been prepared. The separation of bis- 
DNP-cysteine, diDNP-cystine, DNP-CyS-CH;CONH:, and 


DNP-CyS-CH:COOH, by means of two-dimensional chro- 
Tasie II 
Some analytical data“ on reduced prolactin 
Preparation Half-cystine | Nvterminal 
r 6 0 0.8 
Reduced-alkylated (10 u urea) 
Preparation JL 0.12 5.88 0.8 
Preparation il 0.09 5.91 0.9 
Reduced-alkylated (6m urea) 0.54 5.46 | 0.8 
Reduced -unalkylated (10 | 
67 0 | 0.7 


* Values in moles per mole of the protein, assuming that re- 
duced prolactin has a molecular weight of 25,000, the same as 
the native hormone. The values for cystine and cysteine are 
calculated from the ratio of DNP-cysteine-CH:COOH and 
diDNP-cystine in the acid hydrolysates, assuming the native 
molecule to contain 6 half-cystine residues (3). 

f As DNP-cysteine in the acid hydrolysate of the dinitro- 
phenylated derivative of reduced prolactin estimated by the 
Levy pracedure (9). 


Vol. 233, No. 1 


“Toluene” 


bis ONP-CySH 


2M Phosphete 


Fic. 1. Two-dimensional chromatography on paper of the 
DNP derivatives of cystine (bis-DNP-CySS), cysteine (bis-DNP- 
CySH), S-carbamidomethyl-cysteine (DNP-Cy8-CH,;CONH,), 
and S-carboxymethyl-eysteine (DNP-CyS-CH;COOH). The sol- 
vent systems were: Toluene, pyridine, chloroethanol, and 0.8 u 
NH. OH (30:10:18:18); and 2 u phosphate buffer of pH 5.8. 


matography on paper with two solvent systems (toluene-pyri- 
dine-chloroethanol-0.8 M NH,OH (30:10:18:18); and 2 * 
phosphate buffer of pH 5.8 can be seen in Fig. 1. 

Table II summarizes the analytical data for a number of 
preparations of reduced prolactin and its alkylated derivatives. 
It can be seen that when reduction was performed in the pres- 
ence of 10 M urea, the cystine residue was nearly absent from the 
acid hydrolysates of the reduced product. As would be ex- 
pected, approximately 6 moles of cysteine-S-CH:COOH or of 
cysteine were estimated to be present in these hydrolysates, 
indicating that reductive cleavage of all the -S-S- linkages has 
been effected by mercaptoethanol in the presence of 10 M urea. 
It may be noted that reduction in the presence of 6 M urea did 
not result in the complete cleavage of the disulfide bridges 
(Table II). Apparently 10 u urea is required to make the di- 


O 


© 


Optical Density at 700 m 


10 20 30 

Segment Number (m) 

Fic. 2. Zone electrophoresis on starch of prolactin-S-CH;- 
CONH,; in a 0.1 u Na, CO, buffer for 48 hours, with a potential 
gradient of approximately 3.5 volts per cm. Protein was applied 
on Segment 36. The protein content in the eluate (3 ml.) was 
estimated by the method of Lowry et al. (J. Biol. Chem., 198, 265 
(1951)) with aliquots of 1 ml. 
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Fid. 3. Rate of release of amino acids estimated as their DNP 
derivatives from prolactin-S-CH;CONH,; by the action of carboxy- 
peptidase. The enzyme to substrate ratio was, 1:35; pH 8.5, 
at 25°. 


sulfide bridges in the hormone molecule accessible to cleavage 
in the course of the reaction with mercaptoethanol. In this 
connection, it may be recalled that it has been demonstrated by 
Léonis (15) that 10 M urea is also necessary in the case of lyso- 
zyme for the complete “denaturation” of the enzyme. Recently, 
it has been reported that bovine serum albumin and other pro- 
teins could be completely reduced only in high concentrations 
of urea (16, 17). 

It may also be noted in Table II that dinitrophenylation of 
preparations of reduced prolactin revealed threonine as the sole 
N-terminal residue in an amount of approximately 1 mole per 
mole of the reduced protein. This may be taken to mean that 
no rupture of the peptide bond has occurred during the cleavage 
by reduction of the -S-S- bridges in the protein hormone. 

Preparations of prolactin-S-CH,CONH; have also been sub- 
mitted to zone electrophoresis on starch (18, 19). A typical 
pattern can be seen in Fig. 2. In no instance was there any 
indication that the preparations of reduced prolactin could be 
separated into more than one component. It can also be noted 
(Fig. 2) that the electrophoretic mobility, in 0.1 M Na- CO,, of 
the reduced hormone is higher than that of the native prolactin. 

Action of Carborypeptidase—In Fig. 3 are shown the rates 
of release of CyS-CH,CONH:, asparagine, leucine, and tyrosine 
from prolactin-S-CH,CON H; by the action of carboxypeptidase. 
Fig. 4 represents a paper chromatogram showing the liberation 
of these amino acids as their DNP derivatives after the reduced 
prolactin has been allowed to react with the enzyme for 4 hours. 
The C-terminal amino acid, CyS-CH,CONH:, is almost com- 
pletely released under the conditions of the experiments, the 
yield attaining a plateau value that corresponds to 0.94 moles 
per mole of prolactin- CH. CON H.. Asparagine and leucine are 
released in that sequence at somewhat slower rates. From 
these results, the sequence Tyr -Leu-Asp(NH)CyS-CH;CONH: 
at the C-terminus of prolactin-S-CH:CONH; is indicated. 
This sequence can also be deduced from experiments with re- 
duced prolactin that was not alkylated with iodoacetamide. 

Hydrazinolysis—In order to establish the conclusion derived 
from the experiments with carboxypeptidase, it was deemed 


C. H. Li and J. T. Cummins 


Fic. 4. Two-dimensional chromatography on paper of the DNP 
derivatives of amino acids released from prolactin-S-CH, by the 
action of carboxypeptidase. The enzyme to substrate ratio was, 
1:35; pH 8.5, at 25° for 4 hours. 


advisable to submit the reduced hormone to C-terminal analysis 
by hydrazinolysis, according to the procedure of Akabori et al. 
(7). Since, however, hydrasinolysis causes the complete de- 
composition of cysteine (8), this procedure when applied to the 
reduced protein gave negative results. Consequently, prolactin 
that had been oxidized by performic acid (2) was employed for 
the hydrazinolysis, which was performed by the standard pro- 


Tast III 
C-terminal residue analysis of per ſormie acid-oridized 
prolactin by hydrazinol ysis 
Cysteic acid 
Preparation Amount 
Added | Found 
pmoles pmoles pmoles pmoles 
1 0.1 0.1 0.068 0.104 1.04 
II 0.2 0.2 0.120 0.160 0.80 
I 0.2 0 0.083 0.249 1.24 
II 0.2 0 0.065 0.195 0.98 
1.02 
Tasie IV 
Crop-sac stimulating activity of prolactin-S-CH.CONH, 
Preparation  Crop-sac weight 
mg. 
Control 0 6 1.80 + 0. 10“ 
Native hormone 0.4 5 2.98 + 0.47 
0.8 4 3.65 + 0.09 
Prolactin-S-CH:CONH; 0.8 6 2.04 + 0.06 
2.4 3 1.97 + 0.13 
* Mean + standard error. 
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cedure, except that the cysteic acid was extracted with n-butanol 
(20). The results of this investigation, summarized in Table III, 
indicate that hydrazinolysis of the oxidized hormone releases only 
cysteic acid as the free amino acid, in a yield of nearly 1 mole 
from 1 mole of the protein, after proper correction for the recov- 
ery of cysteic acid during the reaction. Thus, it may be con- 
cluded that oxidized prolactin possesses one C-terminal residue, 
namely, cysteic acid. 

Activity of Reduced Hormone—The biological activity of 
prolactin- S- CH: CONH: was determined according to its effec- 
tiveness in stimulating the crop-sac of pigeons (21). As may 
be seen from Table IV, the reduced hormone manifested no 
activity at the dose level tested. As in the case of insulin (22), 
the integrity of the disulfide bridges appears to be essential for 
the biological activity of prolactin. 

Proposed Structure of Prolactin Molecule—From earlier results 
obtained from N-terminal residue analysis (1) and oxidation 
with performic acid (23), together with the results (reported 
herein) derived from studies of the reduced hormone, it is rea- 
sonably certain that the hormone protein consists of a single 
polypeptide chain with the sequence Thr-Pro-Val-Thr-Pro at 
the N-terminus and with a loop formed by a disulfide bridge 
at the C-terminus. This structure would be expected to give 
rise to cysteic acid as the C-terminal residue when the hormone 
after oxidation by performic acid undergoes hydrazinolysis. Re- 
duction with mercaptoethanol should cleave the disulfide bridge 
to yield cysteine as the C-terminal amino acid. This was found 
to be the case when reduced prolactin or prolactin-S-CH,CONH, 
was allowed to react with carboxypeptidase (Table II, Figs. 
3 and 4). Moreover, the experiments concerned with the action 
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of carboxypeptidase on reduced prolactin have furnished in- 
formation about the identity of the other amino acids in the 
loop adjacent to the cystine. 

The presence of an intrachain disulfide loop in biologically 
active proteins and peptides is not new. Sanger and his asso- 
ciates (23) have demonstrated that bovine, ovine, and porcine 
insulins have a disulfide linkage that serves to bridge the residues 
in the sixth and eleventh positions of the A chain. Such a 
loop, which involves a 20-atom ring closed by the disulfide bond, 
has also been found by du Vigneaud et al. (24) in oxytocin and 
vasopressin. It will be of interest to ascertain the size of the 
loop, as well as the location of the other two cystine residues, 
in the prolactin molecule. 

SUMMARY 


Ovine prolactin has been subjected to reduction by mercapto- 
ethanol in 10 Mu urea at pH 9.8. In order to protect the H 
group, the reduced protein was alkylated with iodoacetamide. 
It was shown that the three cystine residues in the hormone 
protein are completely reduced in the presence of 10 Mu urea, 
but not fully reduced in 6 Mu urea. The reduced product was 
found to possess no biological activity. Results from the re- 
action of the reduced or reduced-alkylated prolactin with car- 
boxypeptidase suggest the sequence Tyr-Leu-Asp(NH.2)CySH 
at the C-terminus of the protein molecule after reduction. 
Hydrazinolysis of prolactin oxidized by performic acid gave 
evidence for cysteic acid as the C-terminal residue. From these 
data, it was proposed that the prolactin molecule consists of a 
single polypeptide chain with a loop formed by a disulfide bridge 
at the C-terminus. 
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Studies on Mammalian Tyrosinase 
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Although tyrosinase is generally accepted as the initiating 
factor in mammalian pigmentation, it has never been isolated 
from a mammalian source (1). The work of Lerner et al. (2, 3) 
on crude preparations provides the most definitive and pertinent 
data available on mammalian tyrosinase. Studies on the 
chemistry of this enzyme and of the processes which it catalyzes 
would be facilitated by the availability of a highly purified 
preparation of the enzyme. In view of the lack of such a 
preparation, it is not surprising that the factors which control 
the formation of melanin in the skin are, as yet, largely unknown. 
The same may be said of pigmentation in melanoma and of the 
role of tyrosinase in the growth and etiology of this tumor. 

Recent advances in the preparation and uses of ion exchange 
agents (4) for the study of proteins suggested their application 
to the problem of obtaining a purified preparation of mam- 
malian tyrosinase. The following report deals with the progress 
of purification and with the information gained during the 
process. 

EXPERIMENTAL 


The adsorbent chosen was diethylaminoethy! cellulose pre- 
pared according to Peterson and Sober (4), with a capacity of 
0.39 m.eq. per gm. Columns with dimensions of 2.5 x 35 
em. and hold-up volumes of 110 ml. were prepared from 20 
gm. of the ion exchange agent. 

Soluble mammalian tyrosinase was prepared from Harding- 
Passey melanoma by a procedure described previously in a 
brief communication (5). This fractionation was carried out 
at room temperature (24°). The tumor was homogenized 
with 5 times its weight of cold distilled water in a Waring Blendor 
and centrifuged for 1 hour at 600 x g. A black, slimy pre- 
cipitate, R., consisting mostly of tissue debris, was centrifuged 
down and reextracted. The supernatant fractions were com- 
bined and made 0.1 saturated with (NH.) S0. An equal 
volume of acetone (V;) was added and the black precipitate, 
Re, was removed on a Buchner funnel after the addition of a 
filter aid (Hyflo Super-Cel). Another volume of acetone (V) 
was added to the clear filtrate, and the precipitate was removed 
by centrifugation and washed with acetone. The precipitate 
was redissoved in water, and a small quantity of insoluble 
material was removed by centrifugation. After dialysis, the 
material was lyophilized; the precipitate, R., was stored over 


* This investigation was supported by the National Cancer 
Institute, Grant No. C-2620. A preliminary report was presented 
at the Proceedings of the American Association for Cancer Re- 
search at Chicago in April 1957. 


P.Os in a vacuum desiccator. It is important that the pH be 
maintained between 6.0 and 8.0 during all fractionation pro- 
cedures, especially during re-solution of precipitates containing 
ammonium sulfate. 

In repeated experiments, a 10-fold increase in potency and 
from 10 to 18 per cent of the tyrosinase activity present in the 
origina? homogenate were found in R. Most of the remaining 
activity was in precipitate R. Attempts to obtain more of 
the soluble form of the enzyme by repeated extraction of R. 
or by digestion with trypsin (6) before fractionation were not 
successful. 

The R, fraction was applied to the columns in 0.005 m phos- 
phate buffer, at pH 6.0, with 0.05 u NaCl. Gradient elution 
(7) was performed through a 250 ml. mixing chamber at room 
temperature. The phosphate buffers used for elution ranged 
in ionic strength from 0.06 to 0.43 and from pH 6.0 to 8.0. 
The volume of effluent fractions was 10 ml. each. 

For better resolution, a longer (1 X 66 em.) column was used, 
with approximately 6 gm. of cellulose and a hold-up volume of 
30 ml. The volume of the effluent fractions and the mixing 
chamber was reduced by a factor of 5. 

To locate tyrosinase activity during chromatography, a 
semiquantitative, rapid procedure with sufficient sensitivity 
was desirable. The optical density of melanin formed when 
aliquots were incubated with 0.95 mg. of L-tyrosine was used 
for this purpose. bi- Dopa! (0.05 mg.) was added in order to 
prime the reaction, which was carried out in a Dubnoff shaker 
at 37° in 0.1 u phosphate buffer, at pH 6.8. In some experi- 
ments, I mg. of pi-dopa was used as substrate. The color due 
to melanin was estimated at 400 my in a Coleman spectropho- 
tometer. ‘Time of incubation was arbitrarily chosen so that the 
optical density of the active fractions was in a useful range. 
This usually varied from 1 to 3 hours. The protein content 
of chromatographic fractions was estimated by the Folin- 
Lowry procedure (8). Fractions of the chromatogram which 
showed tyrosinase activity were combined, dialyzed, lyophilized, 
and assayed manometrically, as indicated below. 

Quantitative tyrosinase activity was determined in duplicate 
by measuring the rate of oxygen uptake, as specified by Lerner 
et al. (2). The Warburg vessels contained 0.95 mg. of L-tyrosine, 
0.05 mg. of dopa, 0.1 u phosphate buffer, at pH 6.8, in a total 
volume of 3 ml. In some cases, I mg. of pi-dopa was used as 
substrate. Since pi-dopa is 75 per cent as active as L-dopa? 
(3), data from these assays have been corrected for this dif- 


The abbreviations used are: dopa, dihydroxyphenylalanine; 
DEAE, diethylaminoethyl. 
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Fic. 1. Chromatography of tyrosinase R., (980 mg.) on DEAE 
cellulose ion exchange agent, using 20 gm. of exchange agent in a 
column 2.5 X 35 em. Collection after one hold-up volume (110 
ml.), 10 ml. fractions. O—O—O Folin-Lowry (8) reaction with 
0.1 ml. aliquots measured at 700 ma., Coleman spectrophotome- 
ter; @—@—@ tyrosinase activity of 0.1 ml. fractions in terms of 
melanin produced after incubation with tyrosine in 2.7 ml., 
pH 6.8 buffer, for 3 hours. Optical density measured at 400 my. 
In the areas under the jagged lines, melanin precipitated from the 
assay reaction mixtures and the optical densities were not repre- 
sentative. A, 0.005 u phosphate buffer, at pH 6.0, plus 0.05 M 
NaCl. B, 0.05 u phosphate buffer, at pH 8.0, with gradient 
change to 0.08 M phosphate, at pH 8.0, through a 250 ml. mixing 
chamber. C, gradient change to 0.15 m phosphate buffer, at 
pH 8.0. 


Tas.e I 
Tyrosinase activity“ of components isolated from soluble tyrosinase 
preparations by means of DEAE cellulose columnst 


mg. units ‘mg. % 
1A R. 112 22 100 
1 2.2 57 5.1 
II-III 14.4 64 37.4 
1B II-III 14.4 64 100 
II 0.69 319 23.9 
III 0.68 99 7.3 
2A R; 81 19 100 
I 2.9 51 9.6 
II 13.9 48 43.3 
III 6.2 21 8.5 


* Tyrosinase activity was determined in the Warburg respirom- 
eter at 37°. Each vessel contained 0.95 mg. of L-tyrosine, 0.05 
mg. of pt-dopa, 0.1 u phosphate buffer at pH 6.8, 0.2 ml. of 20 
per cent KOH in the center well, and 2 to 3 units of enzyme prep- 
aration in a total volume of 3 ml. Nitrogen was determined by 
a micro-Kjeldahl procedure (10) and by the method of Schaffer 
and Sprecher (11). All determinations were done in duplicate. 

t DEAE cellulose columns. Columns 1A and 2A had dimen- 
sions of 2.5 X 35 cm., and contained 20 gm. of DEAE cellulose. 
Column 1B was 1.0 X 66 cm. and had 6 gm. of DEAE cellulose. 
See text for column preparation and procedures. 

t Units per milligram of N; I unit = 1 Al. of Os uptake per min- 
ute per mg. of substrate. 
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ference. The unit of activity was defined (9) as the amount of 
enzyme required to catalyze the uptake of 1 ul. of Os per minute 


Starch electrophoresis was performed essentially as described 
by Kunkel and Slater (12). 150 gm. of starch in 112 ml. of 
barbital buffer (u, O. I, at pH 8.6) were poured into a 14 x 
II X inch glass trough with cloth wicks at both ends. The 
sample was applied at the center of the block, which was con- 
nected to the electrode vessels by means of the wicks. A 
voltage of 300 v. (11 ma.) was applied for 19 hours. From the 
point of application of the sample, the starch block was cut 
into } inch segments. Each segment was filtered and washed 
on a Buchner funnel, and the filtrate was made up to 5 ml. 
Aliquots were analyzed for protein and tyrosinase activity as 
specified above. 


associated protein impurity could be resolved by gradually 
increasing the ionic strength and pH of the eluting buffers. 
When 980 mg. of tyrosinase preparation R, was adsorbed onto 
DEAE cellulose ion exchange agent and subjected to gradient elu- 
tion with phosphate buffers, the results shown in Fig. 1 were ob- 
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Fic. 2. Chromatography of tyrosinase Component II-III (255 
mg., Fractions 71-93, Fig. 1) on DEAE cellulose ion exchange 
agent, using 6 gm. of this agent in a 1 X 66 cm. column. Col- 
lections after one hold-up volume (30 ml.) of 2 ml. fractions. 
O—O-—O, Folin-Lowry (8) reaction with 0.3 ml. aliquots meas- 
ured at 700 ma. with a Coleman spectrophotometer,; 683 00. 
tyrosinase activity of 0.3 ml. aliquots in terms of melanin pro- 
duced after incubating with tyrosine in 2.7 ml., buffer at pH 68, 
for 1.5 hours. Optical density measured at 400 ma. In the areas 
under the jagged lines, melanin precipitated from the assay reac- 
tion mixtures and the optical densities were not representative. 
A, 0.005 M phosphate buffer, at pH 6.0, plus 0.05 mw NaCl. B, 
0.05 M phosphate buffer, at pH 8.0, with gradient change to 0.08 u 
phosphate buffer, at pH 8.0, through a 50 ml. mixing chamber. 
C, gradient change to 0.12 u phosphate buffer, at pH 8.0. D, 
gradient change to 0.15 u phosphate buffer, at pH 8.0. 
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maximal rate (2). Specific activity was calculated as units 
: Ww per mg. of protein nitrogen; this was determined by a micro- 
11 Kjeldahl procedure (10) or by the technique of Schaffer and 

Sprecher (11). 
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RESULTS AND DISCUSSION 
Preliminary attempts to purify tyrosinase by means of chro- 
matography (5) indicated that the enzyme and some closely 
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tained. Effluent Fractions 35 to 52 (Component I) and 71 
to 93 (Component II-III) were combined, dialyzed, lyophilized, 
and assayed in the Warburg respirometer. The results are 
summarized in Table I, Column 1A. Each active fraction was 
approximately 3 times as pure as the material placed on the 
column. Since R, is 10 times as potent as homogenates of 
the tumor from which it was derived (5), this represents a 30- 
fold purification of mammalian 

Components I and II-III were also assayed against 1 mg. 
of dopa in the Warburg respirometer. The specific activities 
against this substrate were 200 and 166 units per mg. of nitrogen, 
respectively. In the course of this work, no material has been 
isolated that does not have activity against both tyrosine and 
dopa. In every case, the activity has been about 2 to 4 times 
greater against dopa. 

In an attempt to remove further extraneous protein, 255 mg. 
of Component II-III (Table I, Column 1A) were subjected to 
rechromatography on a longer column (1 X 66 cm.) of DEAE 
cellulose and to a more gradual elution gradient. Fig. 2 depicts 
the resulting chromatogram and the resolution of another active 
component. Data obtained from the assay of Component 
II (effluent Fractions 76 to 136) and Component III (Fractions 
137 to 166) are shown in Table I, Column 1B. Against dopa 
the material in these fractions had specific activities of 580 and 
342 units per mg. of N, respectively. Another 5-fold increase 
in potency was attained in the faster component, and about a 
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Fic. 3. Chromatography of tyrosinase R, (1.2 gm.) on DEAE 
cellulose ion exchange agent (20 gm.), in a 2.5 X 35 cm. column. 
Collection: after one hold-up volume (110 ml.), 10 ml. fractions. 
O—O—O, Folin-Lowry (8) reaction on 0.1 ml. aliquots meas- 
ured at 700 ma., Coleman spectrophotometer; @—@-—®@, tyro- 
sinase assay on 1 ml. aliquots in terms of melanin produced after 
incubation with tyrosine in 2.7 ml., buffer at pH 6.8, for 3 hours. 
Optical density measured at 400 ma. In the areas under the 
jagged lines, melanin precipitated from the assay reaction mix- 
tures and the optical densities were not representative. A, 
0.005 M phosphate buffer, at pH 6.0, plus 0.05 u NaCI. B,0.05™ 
phosphate buffer, at pH 8.0, with gradient change to 0.08 M phos- 
phate buffer, at pH 8.0, through a 250 ml. mixing chamber. C, 
gradient change to 0.12 u phosphate buffer, at pH 8.0. D, gradi- 
ent change to 0.15 u phosphate buffer, at pH 8.0. 
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Fig. 4. Electrophoresis of tyrosinase Component II (130 units) 
on a starch block in barbital buffer, „= 0.1, at pH 8.5. A voltage 
of 300 v. (11 ma.) was applied for 19 hours. + designates migra- 
tion toward the anode from the point of application of sample. 
Fraction represents the buffer filtered from a } inch segment of 
starch and adjusted to a total volume of 5ml. O—O—O, Folin- 
Lowry (8) reaction with 0.1 ml. aliquots measured at 700 ma., 
Coleman spectrophotometer. @—@—@, tyrosinase assay in 
terms of melanin produced after incubating with 1 mg. dopa in 
2.7 ml. phosphate buffer, at pH 6.8, for 1.5 hours. Optical den- 
sity measured at 400 ma. In the areas under the jagged lines, 
melanin precipitated from the assay reaction mixtures and the 
optical densities were not representative. 


1.5-fold increase was attained in the slower moving material. 
Over-all purification was 150- and 50-fold, respectively. 

Fig. 3 and Table I, (Column 2A) show the results obtained 
when the eluting systems employed in Figs. 1 and 2 were com- 
bined and applied to 1.2 gm. of R, adsorbed onto a 2.5 x 35 
em. column of DEAE cellulose. The appearance of three 
active components from this starting material is pertinent, since 
it indicates that incomplete resolution was obtained in the 
previous chromatograms. 

The low yields of the three active fractions (Table I) made it 
necessary to use a small column (1 X 14 cm.) for rechromatog- 
raphy. When these materials were subjected to rechromatog- 
raphy under identical experimental conditions, Components 
I, II, and III emerged in the same relative positions as shown 
in Fig. 3. On separate columns, the three activity peaks oc- 
curred between 28 to 70, 120 to 148, and 148 to 176 ml. of eluting 
buffer, respectively. 

Considerable loss of activity was evident from the recovery 
values of all components as the purity increased (last column, 
Table I), indicating that enzyme stability is affected by the 
removal of impurities? No experimental data to explain the 
nature of these losses are available. 

Further efforts to remove the protein impurities present in 
chromatographically prepared mammalian tyrosinase were 
made by means of the starch electrophoretic method described 
by Kunkel and Slater (12). A portion of Component II (Table 
I, Column 2A) containing approximately 130 units of activity 
was subjected to electrophoresis on a starch block. The results 
are shown in Fig. 4. Although the tyrosinase activity appears to 
be slightly displaced behind the major protein peak on electro- 


2 F. Christine Brown and Darrell N. Ward, unpublished results. 
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phoresis, no significant purification was obtained. Approxi- 
mately 99 per cent of the activity was recovered. 

From Figs. 2, 3, and 4, it appears that the tyrosinase fractions 
respond weakly to the Folin-Lowry reaction. Apparently, mam- 
malian tyrosinase has a low content of aromatic amino acids. 
This observation was supported by low absorption at 280 my 
(Ei = 0.887). 

Although preparations having different ratios of activity 
against mono- and dihydroxyphenols have been obtained from 
plant sources (13), the data reported here are the first indication 
that mammalian tyrosinase may be made up of more than one 
active component. These data confirm with reasonable cer- 
tainty, at least in the case of mammalian tyrosinase, the sug- 
gestion of Nelson and Dawson (14) that the oxidation of mono- 
and dihydroxyphenols is due to the same enzyme (or family of 
enzymes). 
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SUMMARY 


1. Three active components have been isolated from soluble 
mammalian tyrosinase preparations by chromatography on 
diethylaminoethyl cellulose. 

2. Over-all increases in potency of 30-, 50-, and 150-fold have 
been obtained. 

3. All isolated components had activity against both tyrosine 
and dihydroxyphenylalanine. The preparations were 2 to 4 
times more active against dihydroxyphenylalanine. 

4. Data are presented which support the contention that the 
oxidation of mono- and dihydroxyphenols is due to the same 
enzyme, or family of enzymes. 


Acknowledgment—The authors wish to express their apprecia- 
tion to Dr. A. C. Griffin for his interest and support in this work. 
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The Activation of Human Plasminogen 


I. SPONTANEOUS ACTIVATION IN GLYCEROL*® f 
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(Received for publication, November 18, 1957) 


Plasminogen, the precursor of the fibrinolytic enzyme found 
in the blood and active at neutral pH, can be converted to its 
active enzyme, plasmin, by a variety of activators. Studies on 
activators from several sources, bacterial, humoral, and tissue (1) 
have been reported, but particular interest attaches to the so 
called spontaneous activation of plasminogen, since plasmin un- 
contaminated with activators can thus be prepared. 

Spontaneous activation of plasminogen has been studied by a 
number of investigators (2-4), most of whom employed chloro- 
form or other organic solvents to remove plasmin inhibitor from 
their preparations and thus to facilitate the conversion. How- 
ever, all spontaneously activated plasmin preparations so far 
described have had very low specific activities and have been 
grossly impure. The former defect resulted from the very poor 
vields of plasmin obtained under conditions in which both plas- 
minogen and the newly formed plasmin were unstable, and the 
latter defect was a consequence of the impurity of the starting 
materials. 

The description by Kline (5) of a modification of the Chris- 
tensen method for plasminogen purification (6) has made avail- 
able starting material containing 70 per cent enzyme precursor 
(7). An investigation of the spontaneous activation of plas- 
minogen using material prepared by the Kline process has shown 
that methods previously described were unreliable and unsatis- 
factory, since both the enzyme and its precursor were unstable. 
50 per cent glycerol, a known stabilizing agent, was used in an 
attempt to obviate this difficulty. This material not only sta- 
bilized the newly formed plasmin, but also proved efficacious in 
inducing the complete conversion of plasminogen to plasmin 
without the use of other treatments. 

This new method of plasminogen activation permits the prep- 
aration of plasmin that is comparable in purity to the starting 
plasminogen and uncontaminated with activators. It is the pur- 
pose of this communication to describe both the process and 
conditions of activation and the properties of the resulting prod- 
uct. 


* These studies were supported by grants from the National 
Heart Institute, Public Health Service, Bethesda, Maryland, and 
Lederle Laboratories Division, American Cyanamid Co., Pearl 
River, New York. 

Human plasma Fraction III was obtained through the courtesy 
of the American National Red Cross from E. R. Squibb and Sons. 

+t This work was presented in part at the Sixth International 
Hematological Congress, Boston, Massachusetts, August, 1956. 
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MATERIALS AND METHODS 


Plasminogen—Plasminogen was prepared by the method of 
Kline (5). The material used in these experiments had a specific 
activity of 60 to 100 casein units per mg. of nitrogen, and it was 
sparingly soluble at neutral pH, but soluble below pH 4.0 or 
above pH 8.6. Stability was good below pH 4.0, but it was poor 
at neutral and alkaline pH levels. The preparations could be 
lyophilized from acid solution, and the dry powder was soluble 
in distilled water and yielded an acid solution. Biophysical ex- 
amination suggested that the preparations contained 30 per cent 
impurity (7). 

The solubility characteristics of plasmin prepared by spon- 
taneous activation of plasminogen were similar to those of the 
starting material. Thus, at pH 7.5, the level used for assay 
purposes, both plasminogen and plasmin were only sparingly 
soluble, and assays were conducted on well dispersed suspensions 
rather than on true solutions. This difficulty, common to all 
investigations using plasminogen purified by acid extraction pro- 
cedures, must be regarded as introducing some uncertainty into 
the assay procedures. 

Plasmin Assay—The several biochemical activities of plasmin 
were assayed by the following methods: (a) proteolytic activity 
by casein hydrolysis (8), (b) esterase activity by the hydrolysis 
of BAMe' and LEe (9), and (c) fibrinolytic activity. 0.5 ml. of 
several plasmin dilutions were mixed with 0.5 ml. of 0.5 per cent 
bovine fibrinogen? (92 per cent clottable), clotted with 2 units 
of thrombin in 0.1 ml., incubated at 37°, and observed for lysis. 
1 fibrinolytic unit was defined as the quantity of activity required 
to produce lysis of the test clot in 30 minutes. 

Plasminogen Assay—Plasminogen was converted to plasmin 
by an optimal concentration of streptokinase, and the resulting 
proteolytic activity was measured on casein. Since it was as- 
sumed that complete conversion to plasmin occurred as a result 
of the activation by streptokinase, the degree of the spontaneous 
conversion of plasminogen was judged, using the streptokinase 
activity figure as 100 per cent. Insofar as the esterase and 
fibrinolytic activities of fully activated plasmin solutions in- 
creased as a function of the concentration of streptokinase with 
the addition of excess streptokinase, the sole criterion of full 


The abbreviations used are: BAMe, benzoyl arginine methyl 
ester; LEe, lysine ethyl ester; Tris, tris(hydroxymethyl)amino- 
methane; TCA, trichloroacetic acid. 

? We are grateful to Dr. Kent D. Miller, New York State Insti- 
tute of Health, Albany, New York for this material. 
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activation was the proteolytic activity. This anomalous be- 
havior with different substrates was attributed to the formation 
and effect of a plasminogen activator formed by the combination 
of streptokinase and a cofactor (10, 11). 

Buffers—Phosphate buffer, 0.05 u, was used at pH 7.6 for 
activation experiments. The activation experiments involving 
the addition of metallic ions were performed in 0.05 m imidazole 
buffer, pH 7.6. Below pH 7.6, phosphate citrate buffers were 
used, and above pH 8, Tris buffer was used. 


RESULTS 

The conversion of plasminogen to plasmin in the presence of 
glycerol is illustrated in Fig. 1. The experimental conditions, 
which will later be shown to be within the optimal range, were 
at pH 7.6, 0.05 u phosphate buffer, with a glycerol concentration 
of 50 per cent, incubation at 30°, and plasminogen to a final 
concentration of 34 casein units per ml. 

The rate of plasmin formation is shown by the increase of the 
fibrinolytic, esterase and proteolytic activities of the solution. 
Complete conversion of plasminogen to plasmin occurred in 5 
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Fic. 1. Activation of plasminogen in 50 per cent glycerol show- 
ing the activity of the preparation against various substrates at 
intervals during the activation process. 


100+ 
GNM BAMe 
= aol 
< 80 21108 N 
— BAMe 
2 807 51103 
BAMe 

-2 

= 40 > 10 “M BAMe 
© 
4 20 
a 


— 
i 1 i i 1 
INCUBATION TIME - DAYS 


Fic. 2. The inhibition produced by different concentrations of 
BAMe upon the rate of activation of plasminogen in the presence 
of 50 per cent glycerol. 
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days, and thereafter the plasmin content remained stable. The 
conversion reaction always proceeded to completion, and, al- 
though, at times, a small plasmin deficit was encountered, this 
could be accounted for by the instability of the reacting mate- 
rials, inasmuch as residual plasminogen was never detected. 

Complete transformation of plasminogen to plasmin has not 
been observed to occur in less than 3 days, and in general the 
most highly purified preparations of plasminogen required 4 to 9 
days for this reaction. The purity of the preparations of plas- 
minogen that are purified according to Kline’s modification is 
dependent in some yet poorly understood manner upon the 
characteristics of the Fraction III product from which it is pre- 
pared. With certain batches of Fraction III starting material, 
only relatively impure preparations of plasminogen could be 
obtained, and these preparations required weeks rather than 
days for activation to occur, although, ultimately, full activation 
occurred in the manner described. 

The formation of plasmin results in the release of TCA-soluble 
moieties, and the rate of release is correlated with the rate of 
plasmin formation (Fig. 1). Our preparations of plasminogen 
contain 8.5 per cent TCA-soluble material, but the activated 
solutions of plasmin contain 33.5 per cent of TCA-soluble mate- 
rial. The major portion of the TCA-soluble material found in 
the plasminogen is dialysable, but the newly formed TCA-soluble 
material is nondialysable, and in totality it represents some 25 
per cent of the TCA-insoluble material that is originally present 
in the solution. A similar release of TCA-soluble material oc- 
curs when activation results from the addition of activators such 
as trypsin, streptokinase or urokinase (12). 

The rate of activation of plasminogen in the presence of 50 
per cent glycerol, represented by a plot of plasmin activity against 
time, is S-shaped. The initial rate of activation is very slow, 
and when it is near completion, the reaction again slows down. 
These findings are very suggestive of an autocatalytic reaction, 
especially since the initial limb of the S-curve can be eliminated 
by seeding the solution with plasmin. 

The autocatalytic hypothesis of the activation of plasminogen 
in glycerol solution may be tested by studying the reaction rate 
in the presence of an alternative plasminogen substrate. An 
experiment of this nature using the substrate BAMe is shown in 
Fig. 2. The experimental conditions were similar to those de- 
scribed for the first experiment (Fig. 1), but after the addition 
of the plasminogen suspension, aliquots were removed from the 
reaction mixture, adjusted to the requisite concentration of 
BAMe, and the process of activation was followed. The con- 
centrations of BAMe that were used ranged from 0.01 to 0.001 u, 
concentrations which in each instance resulted in less than a 
10-* M concentration of BAMe in the enzyme activity assays, 
and thus in negligible inhibition of the test system. The ali- 
quots were maintained at 30°, and the serial estimates of pro- 
teolytic activity were expressed as the percentage of the max- 
imal attainable activity. 

Inhibition of the activation process is apparent with all con- 
centrations of BAMe that were used, and the degree of inhibition 
is a function of the concentration of BAMe. Furthermore, 
Fig. 2 shows that the effect of BAMe is to inhibit the early stages 
of activation and that once the initial stages have been accom- 
plished the slopes of activation rate for the various concentra- 
tions of BAMe become parallel; presumably the effects of BAMe 
are due to its action as a competitive inhibitor for the newly 
formed plasmin, and activation at a rapid rate is not possible 
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until the BAMe is digested. These findings are in accord with 
the view that the conversion of plasminogen to plasmin is an 
autocatalytic process. 

— 
Basic activation conditions were as follows: pH 7.6, 0.05 u phos- 
phate buffer, 50 per cent glycerol, 34 casein units per ml. of 
plasminogen, and an incubation temperature of 30°. Although 
a number of experiments were performed with several factors 
that were varied, no significant interactions were found, and the 
description of the effect of the change in each factor is considered 
as a single variable, and the effects are referred back as a varia- 
tion on the basic conditions of activation. 

Glycerol Concentration—The effect of altering the glycerol con- 
centration between 30 and 70 per cent is illustrated in Fig. 3. 
Although concentrations outside this range were also used, the 
data are not quoted, inasmuch as the findings at 30 and 70 per 
cent concentrations of glycerol illustrate the trends at extreme 
concentrations. In order to test the tendency of the reaction 
components to undergo denaturation, the solutions contained 4 
casein units of plasminogen per ml., rather than the 34 units 
per ml. contained in the basic reaction mixture. 

Concentrations of glycerol below 50 per cent failed to prevent 
the denaturation of either plasminogen or plasmin or perhaps of 
both. Denaturation in these experiments was evinced by a 
diminishing of the total proteolytic activity after the addition of 
streptokinase, and, as a consequence, these curves represent a 
balance between activation and denaturation rather than true 
activation curves. Evidence was obtained which showed that 
the rate of denaturation increased as the concentration of glycerol 
decreased. 

Concentrations of glycerol of 50 per cent and above entirely 
prevented the denaturation either of enzyme precursor or of 
enzyme, since the addition of streptokinase during the period of 
activation produced the same total proteolytic activity as was 
present at the start of the experiment. When activation was 
complete, the total proteolytic activity of the solution, without 
the addition of streptokinase, was equal to the starting activity 
after the addition of streptokinase. The increase of the con- 
centration of glycerol above 50 per cent led to a progressive slow- 
ing of the rate of activation, although, ultimately, complete ac- 
tivation did occur. 

Plasminogen Concentration Activation was always complete 
whatever the initial concentration of plasminogen was (within 
the range of 0.03 to 1 per cent protein). The speed of activation 
was not noticeably influenced by changing the concentrations of 
plasminogen within the above range, but since several batches 
of plasminogen were used, this factor constituted a separate 
variable. 
pH! Values Activation did not occur if the pH was held at 6 
or lower, although the plasminogen remained undenatured. In- 
crease of the pH above 6 led to an increasingly rapid rate of ac- 
tivation until the optimal pH of 7.6 was attained. The rate of 
activation then slowly decreased as the pH was raised to 9, and 
the investigation was not carried above this point. 

Tonic Strength—Variation of buffer strength within the range 
of 0.01 to 0.5 exerted no influence on the results. 

Temperature—Temperatures from 2 to 37° were used. The 
reaction velocity increased as the temperature increased. At 2° 
no activation was found after 2 weeks. Incubation at 22° gave 
complete activation in 8 to 12 days; at 30° the period was 6 
days, and at 37° it was 3 to 4 days. Incubation of the reaction 


N. Alkjaersig, A. P. Fletcher, and S. Sherry 83 


50 % 
100 

2 GLYCEROL 
2 2 60% 

GLYCEROL 
> 70% 

8 60 GLYCEROL 
< * 40% 

= GLYCEROL 
= 40 

— 30% 

w 20 GLYCEROL 


| 2 3 4 
INCUBATION TIME - DAYS 
Fic. 3. The effect of varying concentrations of glycerol upon 
the degree of conversion of plasminogen and upon the rate of the 


mixture at 37° resulted in a small loss of activity, and the tem- 
perature of 30° was selected because it offered an adequate com- 
promise between the speed of activation and the stability of the 
material. 

Metallic Ions The effects of copper, magnesium, manganese, 
zinc and calcium ions in 0.01 final concentration were investi- 
gated. Calcium was added in the form of its chloride, and the 
other salts were added in the form of their sulfates. Copper 
and zinc ions completely inhibited the reaction, whereas cal- 
cium, magnesium and manganese produced no detectable effect 
on the speed of activation. 

Chloroform—A plasminogen aliquot was pretreated with chlo- 
roform prior to the addition of glycerol. No difference in yield 
or rate of activation was seen between the chloroform or the 
nonchloroform-treated aliquots. 

Impure Plasminogen—Inasmuch as differences had been noted 
in the speed of activation between various batches of plasmino- 
gen purified according to Kline’s modification, an impure prepa- 
ration of plasminogen was prepared by ammonium sulfate frac- 
tionation of human serum (13). This material was 90 per cent 
activated after it was 6 weeks in glycerol at 30°; the remaining 
10 per cent of activity had been lost by denaturation. Solu- 
bility differences could not account for the longer activation time 
required, since the impure plasminogen was highly soluble in 
contrast to that prepared by acid extraction. 

Bovine plasma Fraction III would activate under the same 
circumstances. After 8 weeks incubation, 50 per cent of the 
original plasminogen had been converted to plasmin, and the 
remaining 50 per cent of plasminogen had been lost. 

The Effect of Glycerol upon Solubility of Plasminogen and Plas- 
min—The solubility of both plasminogen and plasmin at pH 
7.6, in the absence of glycerol, is extremely low, being of the 
order of 1 mg. of protein to 100 ml. of saline buffer. The addi- 
tion of 50 per cent glycerol enhances the solubility of both pro- 
teins so that, where the original concentration of protein ranged 
from 100 to 700 mg. of protein to 100 ml. of solvent, assay of 
the supernatant solutions during the activation process demon- 
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strated 80 to 350 mg. protein to 100 ml. of solvent. The pres- 
ence of some solid phase at the lowest original concentration of 
protein is attributed to improper equilibration inasmuch as the 
flasks were not agitated. 
p ties of Gi | Activated Plasmi 

Stability—The spontaneously activated preparations of plas- 
min can be stored in a 50 per cent glycerol solution in which 
they are stable. One preparation lost no activity on standing 
at room temperature in the glycerol solution at neutral pH for 3 
months, and, after 20 months, this preparation still retained 80 
per cent of its original activity. If a dry preparation of plasmin 
is desired, the glycerol and salts can be removed from the activa- 
tion mixture by dialysis against 0.01 * HCl solution, and the 
plasmin can then be lyophilized from the acid solution. These 
preparations of plasmin are soluble in distilled water, and the 
solution has an acid pH. At neutral pH the solubility is low, 
and in these respects plasmin exhibits properties that are similar 
to its precursor. The specific activity of these preparations of 
plasmin varied from 50 to 60 casein units per mg. of nitrogen. 

Physicochemical characteristics of these preparations are de- 
scribed in a separate communication (7). 


DISCUSSION 


These experiments suggest that the activation of plasminogen 
in a 50 per cent glycerol solution is of an autocatalytic nature. 
The activation curve is S-shaped and the activation reaction is 
inhibited by the presence of plasmin substrates. Furthermore, 
the initial velocity of reaction is increased by the addition of 
plasmin to the activation mixture. The appearance of TCA- 
soluble moieties in the activation mixture indicates that pro- 
teolysis is involved in the activation. 

Plasminogen and plasmin prepared from Fraction III by acid 
extraction rapidly lose activity at neutral pH and at room tem- 
perature. However, less pure preparations of plasminogen pre- 
pared by other methods, e.g. ammonium sulfate precipitation of 
serum, are far more stable under the same conditions. The lat- 
ter preparations, however, are also far less susceptible to spon- 
taneous activation in a 50 per cent glycerol solution. It is likely 
that an inhibitor is removed or denatured by the acid extraction 
in Kline’s procedure, thereby leaving the plasmin, presumably 
always present in preparations of plasminogen in small amounts, 
free to activate the plasminogen autocatalytically. Autocata- 
lytic activation is assumed to take place, regardless of the pres- 
ence of glycerol; however, in the absence of glycerol the plasmin 
activity rapidly disappears. This latter effect may be the result 
of autodigestion, inasmuch as the ultracentrifugal examination 
of a plasmin solution stored at neutral pH until the activity had 
decayed revealed only the presence of multiple slowly sediment- 
ing components. 

Although it is clear that the primary effect of the glycerol is 
to prevent, in quite a remarkable manner, the usual denaturation 
of both plasminogen and plasmin, it also effects a solution of the 
reacting components. Whether the addition of glycerol exerts 
an effect upon the inhibitor content of a preparation of plasmino- 
gen is uncertain. The single experiment which uses both gly- 
cerol and chloroform treatment is somewhat inconclusive, but 
it does suggest that the preparations of plasminogen prepared by 
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acid extraction are at least relatively free from inhibitor. Fur- 
ther experiments performed in order to confirm this finding were 
not helpful, because the deleterious effect of the chloroform upon 
the plasminogen was found to impede the collection of accurate 
data. However, the long period of activation required, when 
the impure Kline preparation or other impure plasminogen prep- 
arations were activated in the presence of glycerol, suggests that 
glycerol has no destructive action upon plasmin inhibitor. This 
contention is supported by experiments in which the addition of 
impure plasminogen was shown to delay the activation of highly 
purified plasminogen. Direct inhibitor assays were not made 
because the methods for this purpose are unsatisfactory, and the 
seeding experiments with plasmin had already been shown to 
speed the reaction. 

The physical properties of the Kline preparations of plas- 
minogen used in these studies were wholly dissimilar to those of 
any other protein found in the plasma, and it is likely that the 
acid extraction process used as a purification method caused 
those changes. These physical characteristics may have in- 
fluenced the activation studies, because part of both the plas- 
minogen and the plasmin was in the form of a finely dispersed 
suspension rather than in true solution. Nevertheless, the re- 
actions took place as though the material was in true solution. 
In addition, the fact that preparations of plasminogen showing 
different solubility characteristics reacted in a similar manner 
suggests that the physical form of the highly purified prepara- 
ions exerted little influence upon the results. 

The activation mechanisms for plasminogen are analogous to 
those known to occur with trypsinogen. The two proenzymes 
are converted to their active form by specific activators or by 
autocatalysis, and the pH stability for each is similar. The ac- 
tivation of trypsinogen to trypsin involves the release of peptide 
fragments, and the activation of plasminogen to plasmin results 
in a similar release. The quantity of the TCA-soluble moiety 
released during the activation of plasminogen is approximately 
the same, whether the activation is spontaneous or results from 
the presence of specific activators (12). Biophysical data are in 
agreement with these findings and indicate that, whereas the 
molecular weight of plasminogen is 143,000, activation to 
plasmin results in a decrease of molecular weight to 108,000. 
Both of these enzymes are proteolytic in nature, and both 
hydrolyze arginine and lysine esters, although their separate 
identities have been proven. 


1. Studies of the mechanism of the spontaneous activation of 
plasminogen have been made by the use of a new method for the 
stabilization of plasminogen and newly formed plasmin. The 
results indicate that the mechanism of the activation is auto- 
catalytic in nature, and it involves the release of a peptide 
moiety. 

2. These methods permit the preparation in a stable form of 
preparations of plasmin comparable in purity to the original 
starting material. 

3. Optimal conditions for the reaction have been defined, and 
evidence has been offered which suggests that the action of glye- 
erol is confined to its effect upon the stability of the reacting 
components. 
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Plasmin, a proteolytic enzyme active at neutral pH, is formed 
from plasminogen, a plasma protein precursor. Specific acti- 
minogen, but in their absence the conversion may proceed spon- 
taneously. Activators specific for the system include those of 
bacterial origin (streptokinase and staphylokinase), those of 
humoral origin (urokinase and plasma activator) and a variety 
of tissue activators (fibrinokinases). Furthermore, trypsin, an 
enzyme known to cause the activation of other enzyme systems, 
will effect the conversion of plasminogen to plasmin (1). Spon- 
taneous activation may occur during the process of plasma frac- 
tionation (2), after the removal of a plasma inhibitor by chloro- 
form (3, 4), or under conditions where stabilization of newly 
formed plasmin is assured (5). Comprehensive reviews of the 
literature are available (6, 7). 

The mechanism of the activation of plasminogen has hitherto 
been obscure, since the impurity of the available activators and 
plasminogen preparations has made it impossible to obtain rigid 
kinetic data. Thus activation of plasminogen by streptokinase 
has on the one hand been claimed to result from a stoichiometric 
combination of activator and proenzyme (8), and has on the 
other hand been claimed to occur as the result of a catalytic 
action of activator upon proenzyme (4). The availability of 
highly purified plasminogen (9), highly purified streptokinase 
(10), and highly purified urokinase (11) has been an essential 
prerequisite to the proper investigation of this problem. 

The present paper describes the kinetics of the activation of 
plasminogen by trypsin, streptokinase, and urokinase. The 
results indicate that the activation of plasminogen by these 
agents proceeds by catalysis, and that the reaction involves the 
loss of a peptide moiety from the plasminogen. These findings 
are in agreement with earlier work on the mechanisms of the 
spontaneous activation of plasminogen (5). 


MATERIALS AND METHODS 


Plasminogen—Plasminogen was prepared from human plasma 
Fraction III by Kline’s (9) modification of Christensen’s pro- 


* These studies were supported by grants from the National 
Heart Institute, Public Health Service, Bethesda, Maryland, 
and Lederle Laboratories Division, American Cyanamid Co., 
Pearl River, New York. 

Human plasma Fraction III used in these studies was obtained 
through the courtesy of the American National Red Cross from 
E. R. Squibb and Sons, New York. 

t This work was presented in part at the Sixth International 
Congress of Hematology, Boston, Massachusetts, 1956. 


cedure (12). The preparations used in these experiments had 
a specific activity of 60 to 90 casein units per mg. of nitrogen. 
Biophysical data revealed that this material was approximately 
70 per cent pure (13). 

i ine trypsin was purchased from Worthing- 
ton Biochemical i 


Corporation. 

Urokinase—A urokinase preparation! containing 5100 Ploug 
units per mg. dry weight was used (11). 1 mg. of this prepara- 
tion hydrolyzed 13.5 umole of BAMe,? and 23 umole of LEe in 
30 minutes at 37°. The activator activity per unit of nitrogen 
of this preparation of urokinase is approximately one-thirtieth 
of that of the most highly purified streptokinase (vide infra). 

Strepiokinase The streptokinase preparations used contained 
600 units of streptokinase activity per ug. of nitrogen. The 
preparations were biophysically homogeneous, but they showed 
evidence of impurity on immunochemical analysis. 

Activation Miztures—The activation of plasminogen was per- 
formed in a phosphate buffer solution, O. I u, pH 7.6, but when 
glycerol was used for stabilization the final concentration of 
phosphate buffer was 0.05 M. 

Precipitation of Plasminogen and Plasmin before Assay— 
Kinetic data could not be obtained in the presence of contami- 
nating activators, and, accordingly, plasminogen and 
were precipitated free from these materials at pH 2.0 and at a 
final concentration of NaCl of 1 u. The precipitates were col- 
lected by centrifugation, washed twice in 0.01 n HCl containing 
1 u NaCl, and finally dissolved in distilled water (14). Plas- 
minogen and plasmin are precipitated quantitatively under these 
conditions; but trypsin, urokinase, BAMe, and LEe are not pre- 
cipitated, and although streptokinase is largely precipitated, it 
is wholly inactivated. 

Proteolytic activity was determined by using casein as a sub- 
strate (15). 

Esterase activity was determined by hydrolysis of BAMe (16). 
The degree of hydrolysis was measured by Hestrin's colorimetric 
method (17). 

Precipitation of Protein Aliquots were removed from the 
activation mixture at different stages of activation, and TCA 
was added to a final concentration of 7 per cent. This mixture 
was heated for 5 minutes in boiling water, and was cooled for 


' Kindly supplied by Dr. J. Ploug, Leo Pharmaceuticals, Copen- 
, Denmark. 


The abbreviations used are: BAMe, benzoyl arginine methyl 
ester; LEe, lysine ethyl ester; TCA, trichloroacetic acid. 

* Kindly supplied by Dr. J. Ruegsegger, Lederle Laboratories, 
Pearl River, New York. 
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30 minutes in ice water. The precipitate was collected by cen- 
trifugation, washed twice in 7 per cent TCA, and finally dis- 
solved in 0.6 M NaOH. TCA-soluble and TCA-precipitable 
materials were analysed for tyrosine, nitrogen, and carbohydrate. 
Determination of nitrogen and carbohydrate was not made in 
the presence of glycerol. 

Tyrosine was assayed by the colorimetric method of Heidel- 
berger and McPherson (18). 

Nitrogen was determined by miero-Kjeldahl. 

Carbohydrate was determined by the anthrone method (19). 


Results 


Trypein— Fig. 1A illustrates the proteolytic activity obtained 
as a function of time and the concentration of trypsin. A fixed 
quantity (35 casein units) of plasminogen was incubated with 
varying quantities of trypsin. An initial straight line relation- 
ship between the proteolytic activity and time is apparent for 
all concentrations of trypsin. However, this relationship does 
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Fic. 1. A illustrates the degree of activation of plasminogen 
induced by different concentrations of trypsin, incubated at 37°. 
The original concentration of plasminogen was 35 casein units per 
ml., and measurements of plasmin activities were made by casein 
assay, the results being expressed as a percentage. B shows the 
initial reaction velocities plotted against the concentrations of 
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TIME -MINUTES MICROGRAM UROKINASE /ML. 
Fie. 2. A illustrates the degree of activation of plasminogen 
induced by different concentrations of urokinase, incubated at 
30°. The original concentration of plasminogen was 4.65 casein 
units per ml., and measurements of plasmin activity were made 
by casein assay, the results being expressed as a percentage. B 
shows the initial reaction velocities plotted against the concen- 
trations of urokinase. 
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not hold at the higher concentrations of trypsin or for lengthy 
incubation periods, which findings are reasonably attributable 
to lack of substrate. 

These results were obtained by the use of 50 per cent glycerol 
as a stabilizing agent in the reaction mixture. Experiments 
performed in the absence of glycerol were difficult to interpret, 
because the rate of plasmin decay was fast and unpredictable. 
Thus, whereas the proteolytic activity that was demonstrable 
during the initial activation period was approximately a function 
of the concentration of trypsin, plasmin decay resulted in anoma- 
lous and discrepant readings during the later phases of the ex- 
periment. 

This experiment was conducted in order to obtain kinetic 
data, and, for technical reasons, it was convenient to use com- 
paratively small amounts of trypsin with a correspondingly 
lengthy period of activation that was measured in hours. Other 
experiments with higher concentrations of trypsin have shown 
that plasminogen may be fully activated by this agent within 
30 minutes. 

Fig. 1B shows the initial reaction velocity (calculated from 
the data in Fig. 1A) plotted against the concentration of trypsin. 
A linear relationship is apparent between these variables and 
the findings are consistent with first order kinetics. 

Urokinase—Fig. 2 illustrates an experiment precisely similar 
in design to that shown in Fig. 1, with the exceptions that uro- 
kinase rather than trypsin was used as an activator, and a smaller 
amount of plasminogen was employed. 

The results differ from those illustrated in Fig. 1 chiefly in 
that the time of activation is much shorter. Since the decay of 
plasmin was unimportant, owing to the brief periods of incuba- 
tion with the activator, these experiments were made by using 
a simple reaction mixture without added glycerol. Thus Fig. 2A 
shows activation curves as a function of time with varying con- 
centration of urokinase. A linear relationship is again apparent 
between the initial reaction velocity and concentration of uro- 
kinase, and is again indicative of first order reaction kinetics 
(Fig. 2B). 

Noteworthy in this last experiment is the extreme speed with 
which urokinase will activate plasminogen. Hitherto, this ac- 
tivator has been regarded as slow acting; however, by use of the 
present preparations and a high enough concentration of acti- 
vator, the speed of activation rivals that which is seen with 


streptokinase. 

Streplokinase—The activation kinetics of streptokinase upon 
a solution of plasminogen containing 4.5 casein units per ml. is 
shown in Fig. 3. Again, the speed of complete activation is 
extremely rapid, being measured in minutes, and a linear rela- 
tionship exists between time and demonstrable proteolytic ac- 
tivity for each concentration of streptokinase. First order 
kinetics is indicated by the plot of initial reaction velocity against 
the concentration of the activator shown in Fig. 3B. Although 
rapid activation of plasminogen was obtained in all cases, in 
order to obviate the possibility of error due to plasmin decay, 
the experiment was repeated in a glycerol medium, and identical 
results were obtained. 

Comparison of the data displayed in Fig. 2 and 3, in which 
the initial concentrations of plasminogen were equal, suggests 
that on a weight basis the present preparations of urokinase are 
approximately one-thirtieth as active as streptokinase. How- 
ever, it is known that the preparations of urokinase are inho- 
mogeneous, whereas the preparations of streptokinase are bio- 


— 
22 
trypsin. 
A 8 
UROKINASE 
257/mi 

z!00 
3 0 
Sn 
88 
8 28 
<= 60 6257/mi 2052 
S$ 
Qa — 
- za 
— 1827 

— 


88 
A 1 
STREPTOKINASE 

150 
8 | 
— — 
— 28 
2 22 
130 
2 82 
w 
8 120 +, 
« 
410 

20 30 50 120 
TIME - MINUTES STREPTOKINASE UNITS/ML. 


Fic. 3. A illustrates the degree of activation of plasminogen 
induced by different concentrations of streptokinase, incubated 
at 30°. The original concentration of plasminogen was 4.5 casein 
units per ml., and measurements of plasmin activities were made 
by casein assay, the results being expressed as a percentage. B 
shows the initial reaction velocities plotted against the concen- 
trations of streptokinase. 


Kinetics of Plasminogen Activation 
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Since first order activation kinetics was demonstrated over a 
wide range of initial concentration of plasminogen, it is apparent 
that technical error caused by low solubility of plasminogen 
played no part in the results. 

Inhibition of Activation Kinetics—The activation of plasmino- 
gen by trypsin was inhibited by the provision of additional and 
different substrate in the form of BAMe and LEe, and the ac- 
tivation kinetics of plasminogen under these circumstances is 
displayed in Fig. 4A. Competitive inhibition by these addi- 
tional substrates reduced the degree of activation of plasminogen. 
The Lineweaver-Burk plot that was obtained is linear for both 
additional substrates, and both lines intercept on the 1/v axis 
at the same place as the line for activator and enzyme alone. The 
lessened degree of inhibition produced in the complex reaction 
mixture by LEe rather than BAMe must be assumed to result 
from the lessened affinity for LEe demonstrated for trypsin (16). 

It has recently been reported that urokinase will hydrolyze 
lysine and arginine esters (11), and we have confirmed this fact. 
Consequently, BAMe was added to the reaction mixture with a 
view to the testing of competitive kinetics between it and the 
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Fic. 4. The activity produced by a constant concentration of activator with varying concentrations of plasminogen (lines labeled 
Control), and the effect of alternative activator substrates on this reaction (lines labeled BAMe and LEe). The reciprocal of the 
concentration of plasminogen (casein units per ml.) is plotted against the reciprocal of the initial reaction velocity measured in casein 


units of plasmin activated per hour (A) and in esterase units of plasmin activated per minute (B and (C). 


Concentration of trypsin 


was 75 wg. per ml., urokinase was 20 Ag. per ml., and streptokinase was 36 units per ml. 


physically homogeneous; and these facts suggest that, ultimately, 
these activators may be found to exert effects of a similar order 
of magnitude. 

Reaction Velocity As a Function of Concentration of Substrate— 
Fig. 4 illustrates the effect of the varying concentration of plas- 
minogen in the presence of a single concentration of activator. 
Trypsin was used as an activator in Fig. 4A, urokinase was used 
in Fig. 4B, and streptokinase in Fig. 40. The concentration of 
plasminogen varied 7- to 8-fold in each experiment. The data 
are plotted as suggested by Lineweaver and Burk (20), in which 
the reciprocal of the concentration of plasminogen is on the ab- 
scissa and the reciprocal of the initial reaction velocity is on the 
ordinate. In each section of Fig. 4 a linear relationship is ob- 
served between these variables. These findings suggest that 
all three activators produce their effect upon plasminogen through 
enzymatic transformation. 


plasminogen, with regard to urokinase. The plot exhibited in 
Fig. 4B reveals that competitive kinetics between these sub- 
strates indeed exists. 

Streptokinase, unlike trypsin and urokinase, does not hydro- 
lyze arginine and lysine esters. However, evidence exists which 
indicates that the activation of plasminogen with streptokinase 
is indirect, rather than direct, and that it takes place in a two- 
step reaction: (a) streptokinase interacts stoichiometrically and 
immediately with a plasma factor in order to form an activator, 
and (ö) the activator enzymatically converts plasminogen to 
plasmin. This activator is reported to hydrolyze lysine esters 
(14), and our more recent findings suggest that it also hydro- 
lyzes arginine esters. The observation that BAMe acts as a 
competitive inhibitor to the activation of plasminogen by strep- 
tokinase (Fig. 4C) is a further indication that the activator hy- 
drolyzes arginine esters. 
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that the conversion of plasminogen to plasmin by activators is 

enzymatic in nature. Secondly it appears that the activator in 

each case is an enzyme capable of hydrolyzing arginine and 
esters, and these esters act as competitive inhibitors. 

A possible fallacy in this type of experiment results from the 
possibility that the kinetic data may be influenced by auto- 
catalytic activation (5) of the residual plasminogen. However, 
data obtained from experiments that involve autocatalytic 
activation in the presence of 50 per cent glycerol show that this 
reaction is comparatively slow, completion being obtained in 
days rather than hours or minutes. Calculation made from 
the data of glycerol activation (5) and the data obtained from 
the proteolytic activity observed following chloroform activation 
indicate that autocatalytic activation played little or no part in 
the results displayed. 

Release of TC A-Soluble Material. 


Table I shows the values for TCA-soluble tyrosine, TCA- 
soluble nitrogen and TCA-soluble carbohydrate prior to and 
after the activation of plasminogen. The preparations of plas- 
minogen that were employed contained 8.5 per cent of TCA- 
soluble tyrosine, and this proportion did not increase in amount 
if the solution of plasminogen was incubated at 30° in the ab- 
sence of activator. On the other hand, activation resulting 
from the use of the agents discussed, or the activation found 
after glycerol was added, caused a rise of the TCA-soluble 
moiety (estimated as tyrosine) in a range of 24 to 33 per cent. 
Furthermore, the release of TCA-soluble material was found to 
parallel the degree of activation. The amount of TCA-soluble 
nitrogen released is comparable to that of released tyrosine 
(Table I). 

Table I provides suggestive evidence that the enzyme formed 
by the separate methods of activation may vary in composition 
analytical error. Biophysical evidence tends to support this 
conclusion (13), but since the experiments were performed with 
different batches of plasminogen, the evidence is not conclusive. 

Plasminogen has been found to contain carbohydrate (1.1 
per cent estimated as glucose). 7 per cent of this carbohydrate 
was found to be in the TCA-soluble fraction of plasminogen. 
Increasing amounts of TCA-soluble carbohydrate were found 
during the activation, proportional to the increasing amounts of 
TCA-soluble tyrosine (Table 1). 

The TCA-soluble material contained in the preparations of 
plasminogen is largely dialyzable, but the TCA-soluble material 
released during the process of activation is nondialyzable. A 
similar release of nondialyzable TCA-soluble material occurs 
as a result of spontaneous activation in the presence of glycerol 
(5). 

DISCUSSION 

Evidence confirming the hypothesis of the activation of 
plasminogen as a result of proteolytic degradation is provided 
by assay for TCA-precipitable and TCA-soluble moieties. 

Proteolytic enzymes, whose inactive precursors are known 
(trypsin, chymotrypsin, and pepsin), exhibit three common 
properties (21): (a) they are activated by an enzymatic reaction, 
(b) the activation is irreversible, and (c) the activation involves 
the opening of a limited number of peptide bonds. The activa- 
tion in each instance provides an experimental system for the 
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Taste | 
Composition and quantity of TCA-soluble material of 
various preparations of plasminogen and plasmin 


Preparations — * ial 
tyrosine | % mitrogen | 

Plasminogen. ..._............ 8.5 7.0 7.1 
Urokinase-activated plasmin . 24.2 22.6 27 
Streptokinase-activated plas- 

25.5 23.0 28.4 
Trypsin-activated plasmin. ... 31.5 
Glycerol-activated plasmin. .. 33.5 


Each figure in the table represents the average of results ob- 
tained in 3 to 5 separate activation experiments. 


study of a biologically specific protein and of the relation of 
chemical structure to the biological activity of proteins. 

These experiments suggest that plasminogen follows the 
general pattern for activation of proteolytic enzymes. The 
activation is an enzymatic process, and the release of TCA- 
soluble nitrogenous material can be demonstrated during activa- 
tion. The conversion of plasminogen to plasmin has never 
been shown to be reversible. 

The activation of plasminogen bears some resemblance to the 
activation of trypsinogen and chymotrypsinogen. The activa- 
tion of trypsinogen to trypsin involves the splitting of a lysine 
peptide bond (22), and the activation of chymotrypsinogen to 
x-chymotrypsin involves the splitting of an arginine peptide 
bond (21). The plasminogen activators investigated will hy- 
drolyze lysine and arginine esters, and these esters are com- 
petitive inhibitors of the activation process, thus suggesting 
that the splitting of arginine or lysine bonds are involved in the 
activation. 

Chymotrypsinogen, trypsinogen, and plasminogen can all be 
converted to their active form through the catalytic action of 
trypsin, and in each instance the conversion involves the release 
of peptide fragments. It might be expected that the mechanism 
of activation of the precursors would be analogous, and the 
kinetic data cited confirm this hypothesis. The close agreement 
of the experimental data with the theoretical requirements for 
enzymatic activation, exemplified by the Lineweaver-Burk 
theory, would seem to constitute certain evidence that plas- 
minogen also is converted enzymatically to plasmin. The case 
is greatly strengthened by the demonstration that similar kinetic 
reactions are obtained with all three of the activators used. 

Considerable interest is aroused by the finding that trypsin is 
so effective an activator. This finding is only possible as a 
result of using glycerol as a stabilizer, since, hitherto, data on 
the use of trypsin in this manner has been contradictory and 
unsatisfactory. 

The data indicate that the activation of plasminogen by 
urokinase occurs in a manner comparable to that seen with 
trypsin. These findings are in essential agreement with those 
of Kjeldgaard and Ploug (23). The fact that the speed and 
efficiency on a weight basis of these preparations are so high 
is of interest, because previous reports (24, 25) have implied 
that urokinase was greatly inferior to streptokinase in this 
respect. 

The case of streptokinase requires special consideration, 
because, whereas urokinase and trypsin are known to act as 
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proteolytic enzymes on alternative substrates, the only known 
action of streptokinase has been that of activating plasminogen. 
It can be demonstrated that streptokinase alone will not hy- 
drolyze lysine and arginine esters, but the present data show 
that BAMe and LEe act as competitive inhibitors of the activa- 
tion by streptokinase. The results cannot be explained on an 
autocatalytic basis, since, both from a temporal and from a 
quantitative viewpoint, such inhibition would fail to account 
for the observed facts. Therefore it must be presumed, as has 
been suggested by others (14, 26), that the activation of plas- 
minogen by streptokinase requires both streptokinase and a 
cofactor. This cofactor could conceivably be the small amount 
of plasmin formed by spontaneous activation of the material, 
or it could be some other component present in and closely 
associated with the present plasminogen preparations. This 
combination of cofactor and streptokinase serves both to acti- 
vate plasminogen and to attack other substrates. 
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1. Current availability of sufficiently pure preparations of 
plasminogen and its activators has made it possible to obtain 
rigid kinetic data bearing on the activation process. 

2. The results show that the activators trypsin, urokinase, and 
streptokinase exert their effect through an enzymatic mechanism. 
Lineweaver-Burk plots are linear in each case. Inhibition of 
the activation reaction by the addition of alternative activator 
substrates conform with the criteria for competitive inhibition. 

3. During the process of activation there is a release of a 
trichloroacetic acid-soluble moiety, equivalent in each case to 
some 25 per cent of the original trichloroacetic acid-precipitable 
material. Attention is drawn to the similarity between the 
activation of plasminogen and the known behavior of trypsino- 
gen, chymotrypsinogen, and pepsinogen. 
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Plasminogen (profibrinolysin) of high specific activity has 
been prepared from human sources and converted to plasmin 
(fibrinolysin) by a variety of means (3,4). Since these prepara- 
tions seemed to possess activities of as high an order as any 
that had yet been produced, it was considered appropriate to 
examine their purity by physicochemical means. Such investi- 
gations do not appear to have been made before. A number of 
molecular characteristics have thus been determined for plas- 
minogen. The several plasmin products were also studied in 
this manner. 


MATERIALS AND METHODS 


Plasminogen was prepared from human Fraction III by the 
method of Kline (5), and activated in either of several ways; the 
details have been described in the accompanying papers (3, 4). 

The ultracentrifugal studies were made in a Spinco model E 
instrument, with a 12 mm. cell with a 2° sector instead of the 
more common 4° sector, in order to conserve the preparations. 
Plots of log r versus time were made, where F is the distance of 
the gradient from the axis of rotation. Tracings projected 
through an enlarger were drawn on graph paper in order to pro- 
vide these measurements. By employing the average of the 
temperatures read before and after the run, along with density 
and viscosity data, the sedimentation constants were corrected 
to water and 20° (49). Area measurements obtained by plan- 
imetry of the enlarged tracings were corrected in the usual way 
in order to account for the radial dilution effect. 

The electrophoretic studies were made in a Spinco model H 
instrument, using standard design 11 ml. cells. Glycine, ace- 
tate, phosphate, and barbital buffers were used, as described 


below. The electric field strength generally ranged from 3 to 


6 v. per em., except in the barbital, in which it was between 7 and 
10 v. per em. In order to conserve material, the total cell con- 
tents were withdrawn at the end of the first of a group of runs. 
This material was dialyzed against the buffer for the next pH 
level, and then was run again. This process could be repeated 


* This investigation was supported in part by a research grant, 
H-1792, from the National Heart Institute, Public Health Service. 
A preliminary report of the findings was presented before the 
Sixth Congress of the International Society of Hematology, 
Boston, Massachusetts, August 30, 1956. Brief reports have been 
published (1,2). 

Studies carried out during the tenure of a Lederle Medical 
Faculty Award. 
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several times, with the material suffering some dilution at each 
step. 

The diffusion measurements were made in the same apparatus 
that was used for electrophoresis studies. The bath temperature 
was set at 20.0° in order both to eliminate some of the correction 
terms and to shorten the duration of the runs. The boundaries 
were carefully compensated to a position at about one-third of 
the distance along the channel. No boundary sharpening was 
employed. Not only did this simplify the manipulations, but 
it was thus possible to make measurements in duplicate, using 
either limb of the cell to provide a diffusion constant. One could 
also observe the precision of the method by considering the de- 
gree of difference within the pairs of results. Diffusion constants 
were calculated according to Equation | 

1 1 


(1) 


in which A is the area under the peak, as measured on enlarged 
tracings, // is the maximum height, ¢ is the time in seconds, and 
w is the combined optical factor which gives centimeters in the 
cell per inch on the tracing. In the Spinco instrument, the 
camera lens factor is set at 1.000. The enlarger factor is readily 
determined by placing in the enlarger an accurately ruled disk, 
such as that used for ultracentrifuge calibration, to be traced in 
‘the same manner as the diffusion records. Plots of A*///? versus 
‘¢ were drawn for both left and right channels, and the calculated 
slopes were averaged before the employment of the other fac- 
tors. The results were corrected in the usual way to water 
and A) (% e, although this constituted a very small altera- 
tion. 

Viscosity data were obtained at 25.0° in an Ostwald viscometer 
with a flow time of approximately S0 seconds for water. The 
intrinsic viscosity ul was determined as in Equation 2 


(2) 
c 


in which . is the specific viscosity, hei is the relative viscosity, 
and ¢ is the concentration of protein in grams per dl. 

The concentration of protein was determined by means of 
light absorption at 2800 A, as read in a Beckman model DU 
spectrophotometer. An extinction coefficient, EI du, was deter- 
mined for each substance by calibration of the optical density 
against dry weight for a well-lialyzed sample. 
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Fic. 1. Sedimentation patterns of human plasminogen. Con 
centration of protein: 0.90 per cent. Bar angles: 50° and 40°. 
Photographs at 4 and 80 minutes after rotor reached speed of 
59,800 r.p.m. Direction of sedimentation is to the right. 


Fic. 2. Sedimentation patterns of human plasmin (glycerol- 
activated). Concentration of protein: 0.90 per cent. Bar angles: 
50° and 30°. Photographs at 20 and 128 minutes after rotor 


reached speed of 59,800 r.p.m. Direction of sedimentation is to 
the right. 


Plasminogen 


O 


Plasmin 
O 


1 1 | 1 1 
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Fic. 3. Sedimentation constant plotted against concentration 
of protein for three preparations of plasminogen and two prepara- 
tions of plasmin (glycerol-activated). Only the main peak is 
represented. 
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The contents of tyrosine and tryptophan were determined 
from optical density readings in 0.1 N sodium hydroxide at 2800 
and 2944 A, according to the procedure described by Beaven and 
Holiday (6). 

Total hexose was determined by the orcinol method, using a 
galactose-mannose standard, as described by Winaler (7). 

Nitrogen was determined by semimicro-Kjeldahl, using methy! 
purple as indicator. 

Phosphorus was determined by the method of Allen (8). 


RESULTS 

Sedimentation—A number of preparations of plasminogen 
have been studied in the ultracentrifuge. Fig. 1 shows the 
typical pattern that is observed. A sharp tall peak is accom- 
panied by a slightly faster and much broader peak. No other 
component has ever been seen. This particular preparation had 
been assayed to have 114 casein units per mg. of tyrosine, or 
75 units per mg. of N. The area measurements on the ultracen- 
trifuge picture show that the main peak is 68 per cent of the 
total, and we assume that this peak is to be identified with the 
proenzyme activity. Analogous measurements for other prepa 
rations have given similar percentages. One preparation that 
assaved 144 units per mg. of tyrosine, or 92 units per mg. of X 
had a main peak occupying 78 per cent of the total; this was 
the most active preparation studied. 

In the same manner, several preparations of glycerol-plasmin 
(spontaneously-activated plasmin) have been examined. Fig. 2 
shows that the pattern is quite similar to that for plasminogen. 
Presumably the fast peak is simply an impurity carried over 
from the precursor preparation. A very slow peak, however, ix 
also observed, although it was absent in most of the other glve- 
erol-plasmin samples. This component was never seen in plas- 
minogen, and its significance is still unknown. It may possibly 
correspond to part of the TCA'-soluble material that develops 
during activation (3), and its appearance in the sedimentation 
pattern of plasmin may depend on the exact dialysis history 
of the sample. Further studies on this question are being con- 
ducted. In the pattern shown here, the slow component was 
16 per cent of the total. In the remainder of the pattern, the 
proportions were exactly the same as in plasminogen. 

The sedimentation constants for the slow, main, and fast 
components are about 0.7, 4, and 7 to 10 S. respectively. Fig. 3 
shows the plot of the sedimentation constant against the concen- 
tration for the main component of plasminogen and plasmin. 
It can now be seen that a quantitative difference, small but real, 
exists between them. The plasminogen data can be expressed 
by Equation 3 


= 4.288 — OAle (3) 


whereas for plasmin 


where c is expressed as grams per dl. (or as percentage). 

In addition, a few observations have been made on strepto- 
kinase-activated plasmin and on urokinase-activated material. 
The ultracentrifugal patterns resembled those for glycerol- 
plasmin, although no slow peak could be seen. Each prepara- 
tion was run in a dilution series. The sedimentation constants 
that were extrapolated for the main peaks were 3.80 and 3.95 
S for streptokinase-plasmin and urokinase-plasmin, respectively. 


The abbreviation used is: TCA, trichloroacetic acid. 
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Fic. 4. Values of (area)*/(height)* against time for schlieren 
peak in diffusion of plasminogen. 


In each case, the rates for the fast shoulder have been very 
diffieult to measure with any accuracy, and they have been 
averaged for each dilution series to give 7.7 S and 5.7 8. 
Diffusion—A plot of (area)? /(height)? against time is given in 
Fig. 4 for a plasminogen solution with 0.13 per cent concentra- 
tion of protein. The slope is the average for both cell channels, 
which, as separately-computed slopes, agree within 2 per cent of 
the average. The diffusion constant which results is 2.96 x 
107? em? see. In order to check on this critical parameter, 
two additional runs were made in this same region of low con- 
centration. The resulting values were 3.13 and 2.68 x 10 
see. The average of these three, 2.92 10°, was selected 
as the representative figure. Although an extrapolation to 
infinite dilution is ideally desired, the range of concentration 
employed (0.1 to 0.2 per cent) should provide a result that is 
very close to the extrapolated value, and the degree of purity of 
the material does not warrant any further study of this property. 
Viscosity —Values of specific viscosity per unit of concentration 
are plotted against the concentration in Fig. 5 for a preparation 
of plasminogen with 77 per cent of principal ultracentrifugal 
component. The resulting intrinsic viscosity is 0.07,.2 A later 
study on a different preparation® gave an intrinsic viscosity of 
0.09,. The average, 0.08,, may be emploved as the best estimate. 
Electrophoresis—When plasminogen is examined cleetrophoreti- 
cally at pH 2.1, a double peak is observed, as is shown in Fig. 6. 
This same characteristic pattern has been observed in a number 
of preparations. The two components are of approximately 
equal size and presumably they both correspond to the principal 
peak seen in the ultracentrifuge. The mobilities are 8.2 and 
7.3 X lO em per v. per c. In some instances, in fact, careful 
analysis shows that a small third peak may be postulated between 
the other two, in order to make the areas for separate symmetric 
peaks add up to the total. When glycerol-plasmin, on the other 
hand, is examined in this same buffer, a single peak is seen, as 


? Unfortunately this preparation was not of an amount sufficient 
to permit analysis in the ultracentrifuge. 
* Inferior figures refer to accuracy of values. 
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Fie. 5. Values of specific viscosity per unit concentration 
against concentration of plasminogen. 


Fic. 6. Electrophoretic patterns of human plasminogen. 
Concentration of protein: 0.79 per cent. Glycine buffer: p 
2.06, 1/2 = 0.10. Electric field strength: 4.24 volts per em. Time: 
190 minutes. U'pper line: descending pattern; migration to the 
right. Lower line: ascending pattern; migration to the left. 


illustrated in Fig. 7. The mobility is 8.9 Xx 10 “ em? per v. 
per sec. 
At higher pH levels, such as 4, the doubleness in the plasmin- 


ogen pattern disappears. Measurements were made in glycine 
and acetate buffers up to pH 4.8, inclusive. Above this level, 
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Fic. 7. Electrophoretic patterns of human plasmin (glycerol- 
activated). Concentration of protein: 0.16 per cent. Glycine 
buffer: pH 2.66, /2 = 0.10. Electric field strength: 3.52 volts 
per cm. Time: 210 minutes. Upper line: descending pattern; 
migration to the right. Lower line: ascending pattern; migration 
to the left. The patterns in pH 2.1 buffer are essentially identical 
to these, but they are of poor photographic quality because of 
the turbidity of the solution. 


for example, at pH 5.5 (acetate) and 6.5 (phosphate), the solu- 
bility was too low for accurate study. If dialysis is continued 
at a higher pH, such as 7.5, most or all of the precipitate redis- 
solves, and electrophoretic analysis is again possible. The pat- 
tern, however, is quite complex, and only the major peak will be 
considered at this time. The mobilities are plotted against pH 
for these proteins in Figs. 8 and 9. The indicated isoelectric 
points for plasminogen and plasmin are 5.6 and 6.2, respectively 
Reliable values are difficult to obtain because of the low solu- 
bility of these proteins in this pH region. 

It appears that streptokinase-plasmin is very similar to spon- 
taneous plasmin, both in pattern appearance and in mobility. 


ion spectrum for each substance 
has been measured, both in acid saline (pH 2) and in 0.10 N 
sodium hydroxide (pH 12). The data for plasminogen are shown 
in Fig. 10. The general appearance for (spontaneous) plasmin 
was identical. The maximal optical density at low pH occurs 
at 2780 A; at high pH a double maximum is seen at 2830 A and 
2890 A. No maxima appear in the visible range. Extinction 
coefficients were determined from other data and are listed in 
Table I. 

Content of Tyrosine and Tryptophan, of Nitrogen and Phos- 
phorus, and of Hexose—From the extinction coefficients in alkali 
at 2800 A and 2944 A, the contents of tyrosine and tryptophan 
have been calculated. These values, along with nitrogen, phos- 
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Fic. 8. Electrophoretic mobility against pH for plasminogen 
At high pH only the main peak is connected with the remainder 
of the curve. The short lines merely indicate the presence of 
minor peaks. 


phorus, and carbohydrate analyses are listed in Table II. On a 
weight basis, plasmin contains 6 per cent more of cither of these 
amino acids, and 54 per cent more of hexose than does its pre- 
cursor. 


DISCUSSION 


The Molecular Weight of Plasminogen and Plasmin —Using the 
usual Svedberg ultracentrifuge equation 


RTs 
DU — fp) 


one can calculate the molecular weight (/) of plasminogen. 
Combining s = 4.28 x 10°", D = 2.92 x 10°’, and an assumed 
value of partial specific volume, 7 = 0.75, a molecular weight of 
143,000 is obtained. Diffusion data are not vet available for 
plasmin, but if it is postulated that the same shape, and hence 
the same frictional ratio, f/f,, as well as the same specific volume, 
obtains as for the proenzyme, a molecular weight can be esti- 
mated from the relation 
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Fie. 9. Electrophoretic mobility against pH for plasmin: 
glycerol-activated, open circles; streptokinase-activated, filled 
circles. At high pH only the main peak is connected with the 
rest of the curve. The short lines merely indicate the presence 
of minor peaks. 


Using s = 3.56, the result is that plasmin would be 76 per cent 
of the size of plasminogen, with a molecular weight, therefore, of 
108,000. Needless to say, this figure is likely to be in consider- 
able error. It is, nonetheless, of some interest to note that this 
24 per cent loss in molecular weight agrees very well with the 
reported (3) increase of 25 per cent TCA-soluble tyrosine during 
activation, especially if the two proteins have the same content 
of tyrosine; a matter which is discussed at greater length below. 
It should be noted that streptokinase-plasmin and urokinase- 
plasmin also sediment at a slower rate than does plasminogen, 
but not as slowly as spontaneous-plasmin. If molecular weights 
are calculated for these plasmins, using the above assumptions, 
the resulting values are 120,000 for streptokinase-plasmin (a 
molecular decrease of 16 per cent) and 127,000 for urokinase- 
plasmin (a molecular decrease of 11 per cent). These decre- 
ments may again be compared with the reported increments of 
TCA-soluble tyrosine, which are 17 per cent and 16 per cent, 
respectively (4). Considering the approximations involved in 
the biophysical evaluations, the concordance in these two differ- 
ent approaches to the measurement of the extent of the degrada- 
tion of precursor is remarkably good. 
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Fic. 10. Optical density against wavelength for human plas- 
minogen at pH 2 and pH 12. 


I 

Extinction coefficients of human — and plasmin 

(spontaneous) 
Substance Wavelength pH 
Plasminogen 2800 2 14.0 
2800 12 16.4 
| 2944 12 13.4 
Plasmin 2800 2 14.6 
2800 12 17.4 
2944 12 14.2 


Taste II 
Analysis of certain constituents of human plasminogen and plasmin 


(spontaneous) 
Constituent Plasminogen Plasmin 

Tyrosine, % 5.91 6.32 

Tryptophan, % 3.78 4.04 
Ratio tyrosine to tryptophan 1.56 1.56 

Nitrogen, % 15.8 14.1 

Phosphorus, % 0.19 

Hexose, % 0.98 1.51 


It may also be of interest to note that whereas serum albumin 
and hemoglobin both have sedimentation constants almost 
identical with those of plasminogen, their molecular weights are 
half the value determined in this study. Clearly, the diffusion 
and specific volume data are of prime importance and will need 
reevaluation as soon as more highly purified preparations become 
available. 

The Molecular Shape of Plasminogen—The present data permit 
the calculation of the frictional ratio, f/f, as shown in Equation 7 


= * 7 


Using the same plasminogen parameters as above, a frictional 
ratio of 2.09 is obtained. On the other hand, in order to inter- 
pret the viscosity data, it is useful to calculate the viscosity 
increment, , as in Equation 8 
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Again assuming 6 = 0.75, the resulting viscosity increment is 
10.9. By making the customary assumption that the molecule 
is a prolate, rigid, impenetrable, unhydrated ellipsoid of revolu- 
tion, one can obtain the axial ratio of such an ellipsoid from 
graphic representations of the Perrin or Simha relations (9). 
Thus the frictional ratio gives an axial ratio of 22, whereas the 
viscosity increment gives a value of 8. The sedimentation- 
diffusion value is surprisingly high. This value may result in 
part from error in the diffusion constant (because of insufficient 
sample purity) or in the partial specific volume (unmeasured), 
or it may result from the inadequacy of the molecular model 
employed. This question of molecular characteristics and hydro- 
dynamic data has been previously discussed at some length (10). 

Electrophoretic Properties of Plasminogen and Plasmin—By 
these criteria, both proteins appear homogeneous in the pH 
region below the isoelectric point. In the case of the proenzyme, 
an apparent splitting occurs at the extreme of low pH. It should 
be possible to separate such components by zone electrophoresis 
so that each one can be examined for its activity. On the other 
hand, the situation may be analogous to that encountered with 
highly purified serum albumin, which also shows boundary 
splitting at pH levels acid to the isoelectric point. Further 
studies will be needed to clarify this matter. The more complex 
pictures that are observed at alkaline pH, the correlation with 
activity, and the degree of reversibility between the acid and 
alkaline states will require further investigation. 

Molecular Content of Analyzed Constituents—The analyses for 
tyrosine and tryptophan combined with the protein molecular 
weights indicate a content of 52 residues of tyrosine and 29 of 
tryptophan per molecule of plasminogen, and of 41 and 23, re- 
spectively, for plasmin. In the instance of either amino acid, 
there is a loss of 21 per cent of the residues as a result of this 
activation process. This consideration fails to reveal any strik- 
ing heterogeneity in the molecular distribution of these con- 
stituents. 

The nitrogen contents of these proteins are in the normal 
range, and they indicate the absence of any appreciable amount of 
nonpolypeptide material. 

The phosphorus analysis for plasminogen corresponds to 8.8 
atoms per molecule, suggesting a phosphoprotein nature for 
plasminogen. Any figure between 1 and 50 can be considered 
as a reasonable value (11). This analysis has been carried out 
with special care because the final step of the Kline procedure 
involves a precipitation in the presence of 0.25 m phosphate. 
Our first study gave a much higher content of phosphorus, but 
the later results reported here were obtained on repeatedly- 
dialysed samples which were even corrected for the tiny amount 
of phosphorus found in the final liquid of the dialysis bath 
(0.6 Ag. phosphorus per ml., compared to 6 to 16 ug. per ml. per 
sample). The values for several determinations on two different 
preparations of plasminogen agreed very closely, and they have 
been averaged. All of these constitutional data are at present 
open to some degree of uncertainty because of the heterogeneity 
of the preparations. 

The hexose contents indicate that both of the proteins can be 
classified as glycoproteins. The result for the zymogen is in 
very good agreement with that obtained in the St. Louis labora- 
tory (4). Calculated as molecules of hexose per molecule of 
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protein, the number is 8 for plasminogen and 9 for plasmin, 
One may conclude that the same number of hexose units is asso. 
ciated with each protein and, therefore, unlike the situation with 
tyrosine and tryptophan, the heterogeneous distribution within 
the precursor molecule is such that none is split off during 
activation. 

Comparison with Other Proteins—The molecular weights of 
these proteins are quite high, as is also the loss on activation, 
since the commonly-studied proteolytic enzymes and precursors 
are in the range of 30,000 to 40,000. One example, however, may 
be cited of a proteolytic enzyme of a larger size. This enzyme 
is pancreatic procarboxypeptidase, which has been reported to 
have a molecular weight of 96,000 (12). This is still far short of 
our molecular weight for plasminogen. Its activation, on the 
other hand, involves a 65 per cent drop in molecular size. With 
regard to this decrease, plasminogen is intermediate between 
— ata and such zymogens as trypsinogen and 

ymotrypsinogen. 

It may be of interest to compare plasminogen with prothrom- 
bin, which is the other precursor of a proteolytic enzyme involved 
in the clotting system. Studies on highly purified prothrombin 
have shown a molecular weight of 62,700 (13). The breakdown 
accompanying activation is rather complex because it gives rise 
to several large molecules, instead of one, as with plasminogen. 

These results on plasminogen and plasmin should also be 
compared with preliminary studies that have been made on 
preparations of bovine plasmin (14). Several lots of chloroform- 
activated fibrinolysin‘ have been examined in the ultracentrifuge. 
The sedimentation patterns show one main peak and several 
faster small ones. The main peak has an extrapolated sedi- 
mentation constant of 6.8 8, which is considerably higher than the 
rates presented here for human plasmin; it is even higher than 
that for plasminogen. The activation procedures differ, of 
course, and neither is gentle. There is the danger of denatura- 
tion by chloroform on the one hand or by strong acid on the 
other. Whether this will in itself explain the observed difference 
is not at present clear. 

SUMMARY 


1. Preparations of human plasminogen and plasmin have 
been examined for ultracentrifugal and electrophoretic homo- 
geneity. The proenzyme contained about 70 to 80 per cent of 
a single sedimenting component. Preparations of plasmin were 
qualitatively similar, although some preparations showed an 
additional slow peak. By electrophoretic examination, the pro- 
enzyme revealed a double boundary at low pH, but plasmin 
showed a single peak. 

2. The molecular weight for plasminogen was found to be 
143,000, based on a sedimentation constant of 4.28 S — 0.4lc 
and a diffusion constant of 2.92 «x 10 em. sec. 1. A molecular 
weight of 108,000 was estimated for glycerol-activated plasmin, 
based on a sedimentation constant of 3.56 8 —0.74c. The sedi- 
mentation rates and the probable molecular weights of strepto- 
kinase-activated and urokinase-activated plasmins are inter- 
mediate between these values. 

3. The molecular asymmetry of plasminogen was indicated 
as 8, according to the intrinsic viscosity of 0.08; a higher asym- 
metry, 22, was calculated from the frictional ratio. 


‘ Provided through the kindness of E. C. Loomis, Parke, Davis 
& Company. 
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4. The isoelectric point of plasminogen is near 5.6, whereas mobilities. At high pH, the patterns are more complex, showing 
is asso. that for plasmin (both glycerol and streptokinase types) is 6.2. three or four peaks. 

on with At low pH, plasmin shows a single boundary, and plasminogen 5. The content of nitrogen, phosphorus, tyrosine, tryptophan, 
reveals a pair of approximately equal peaks moving with similar and hexose has also been measured. 
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The relatively recent realization of the importance of lipopro- 
teins has apparently not afforded sufficient time for studies of 
the transport of these substances into cells from the blood or out 
of cells where they may have been produced. However, many 
experiments have been conducted on the permeability of cells 
to smaller molecules. In particular, the work of Christensen 
(1-3) on the accumulation of amino acids by the Ehrlich mouse 
ascites tumor cells has introduced a particularly useful method 
for such studies. The preparation of these cells in a viable 
form in an artificial medium is relatively simple, and the results 
of metabolic studies on such preparations can usually be con- 
sidered with some confidence to reflect the reactions proceeding 
in the natural condition (3). For these reasons, it seemed 
desirable to use this preparation in a study of the absorption of 
lipoproteins by cells even though such cells might not be said 
to be completely representative. The knowledge gained with 
the simpler preparation could be more readily applied to a 
representative cell type, if such exists. 

The first lipoprotein to be considered in these experiments was 
the fatty acid-albumin complex. Use of this substance appeared 
to be desirable for two reasons: first, it is probably the simplest 
of all lipoproteins and can be prepared in vitro in high activity; 
second, it has assumed a great deal of importance recently as the 
vehicle for transporting the readily metabolizable form of fat 
to the sites of oxidation (4, 5). 

The experiments reported below are thus preliminary in two 
ways: first, because it may be necessary to study other cell 
types, and second, because only preliminary evidence is to be 
gained with so simple a lipoprotein. A study of the more com- 
plex lipoproteins may be even more interesting. 

EXPERIMENTAL 


Preparation of Tumor Suspension—The tumor cell was pro- 
pagated from mice generously donated by Dr. Ralph McKee 
of the Department of Physiological Chemistry of the University 
of California. Because poor results were often obtained with 
C-57 black/6 mice, the tumor was grown successfully for these 
experiments in CF-1 white mice. Inoculation was performed 
with 0.1 ml. of tumor material from a 24-gauge needle. The 
mice were killed by cervical fracture usually 7 to 9 days after 
inoculation. Tumor was removed with a 24-gauge needle into 
a 1 ml. syringe containing a few grains of heparin. To 1 volume 
of tumor suspension were added 2 volumes of phosphate buffer, 


* This paper is based on work performed under Contract No. 
AT(04-1)-GEN-12 between the Atomic Energy Commission and 
the University of California, Los Angeles, California. 


0.067 M KH. PO. Na, HPO. (1:4) in 0.9 per cent NaCl, pH 7.4, 
and the suspension was centrifuged for 10 minutes at 100 x g. 
The supernatant fluid was discarded, and the tumor was washed 
twice with the same volume of cold buffer. The cells were then 
resuspended in a volume of buffer about equal to that of the 
original tumor suspension. The cell volume, measured after 
centrifugation in a capillary tube at 1300 x g for 30 minutes 
was 20 to 25 per cent. 

Solutions and Substrates—A 0.001 M solution of potassium 
palmitate was prepared in the following manner: to 2.6 mg. of 
palmitic acid in a 10 ml. volumetric flask were added 2 drops of 
1 m KOH and about 5 ml. of water. The mixture was then 
warmed on the steam bath until a clear solution resulted and 
was diluted to the mark with water. The solution was warmed 
to 40° and well mixed before adding it to the side arms of the 
Warburg vessels. 

The albumin solution was prepared from the ascitic fluid after 
removal of the cells. The solution was brought to a density of 
1.21 with KBr, and was centrifuged in the Spinco preparatory 
centrifuge for 15 hours at 33,000 K g. The plastic centrifuge 
tubes were immediately frozen in dry ice and the top quarter 
sliced off and discarded (this fraction contains most of the 
lipoproteins). The remainder was thawed and dialyzed against 
0.1 M NaCl for 5 hours at 4° changing the dialysate every J hour. 
The amount of protein was estimated by its absorption maximum 
at 278 my. A check of this method against the Nessler micro- 
Kjeldahl determination agreed within 3 per cent. The solution 
thus prepared contained 2 to 3 per cent albumin. 

Radioactive albumin was prepared biosynthetically by feeding 
phenylalanine-3-C™ (Isotope Specialties) to mice on the 6th, 
7th and 8th days following tumor inoculation for a total of 40,000 
c.p.s. The tumor was removed 4 hours after the final feeding, 
and the albumin was isolated as described above. About 3 per 
cent of the total administered activity was recovered in the 
albumin. 

The albumin-palmitate complex was prepared in the following 
manner:' A 0.003 m palmitate solution was prepared in 0.9 per 
cent sodium chloride solution in a manner similar to that de- 
scribed above for the 0.001 m solution. The pH of the mixture 
was adjusted to 7.4 with dilute HC] before use. To 5 ml. of the 
albumin solution were added, with stirring, 1.3 ml. of the gelatin- 
ous soap (about 700 mg. of albumin is required for 7.7 mg. of 
palmitic acid). The resulting solution was used immediately. 
Two complexes were prepared in this manner, one containing 
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750 counts as palmitic acid-1-C™ (Tracerlab), the other contain- 
ing 300 counts as albumin. 

Warburg Techniques—In each flask was placed 0.5 ml. of the 
tumor suspension, 0.1 ml. of a glucose solution containing 0.48 
mg. per ml., and phosphate buffer to bring the final volume to 
18 ml. The radioactive substrates (0.2 ml. of palmitate plus 0.8 
ml. buffer or 1 ml. of palmitate-albumin complex) were added 
from the side arms after equilibration. Center wells contained 
0.2 ml. of 15 per cent KOH solution and a folded filter paper 
square. Flasks were shaken at 37° for 1 to 2 hours after a 15 
minute equilibration. At the completion of the experiment, 
the vessels were removed from the bath and the contents of the 
center wells immediately rinsed into BaC}, solution for precipita- 
tion of the BaC“O,. A further 0.5 ml. of 0.1 M (NH,):CO; was 
added as a carrier for the small amount of carbonate produced 
by the cells. The precipitated BaCO; was washed and plated 
in the usual manner for counting. The flask contents were 
removed and the cells and fluid separated by centrifugation. 
The cells were washed twice with buffer solution and were usually 
ruptured by freezing and thawing. 

Extraction Procedures—The supernatant fluid and washings, 
after removal of the cells, were acidified with 6 n HCl; a few 
milliliters of aleohol were added, and the mixture was extracted 
with ether. After addition of 3 to 4 mg. of carrier palmitic acid, 
the ether solutions were evaporated to dryness and were plated 
on lens paper circles in aluminum planchets 1 inch in diameter. 

The ruptured cells were centrifuged and the debris washed 
twice with buffer solution. Each of the fractions thus obtained 
was extracted and plated as described above for the supernatant 
fluid. 

For experiments in which radioactive albumin was used, the 
aqueous solutions were evaporated to dryness and the residue 
plated directly. 

Counting Procedures—Counting was performed on samples 
prepared as described above using the Nuclear Instruments and 
Chemical Corporation D 47 Micromil flow counter. 


Tumor Respiration—The effect of varying the concentration 
of glucose is shown in Table I, and that of varying the concentra- 
tion of palmitate with or without glucose is shown in Table II. 

It is evident that both glucose and palmitate inhibited tumor 
respiration when present in the higher concentrations. The 
concentrations were accordingly adjusted in the actual experi- 
ments to give nearly maximal respiration, at least for the longer 
incubation times. 

Recovery of Radioactive Lipide—The small amounts of palmitic 
acid added to the cell suspensions (0.1 mg. per flask) made re- 
covery and counting procedures difficult. About 90 per cent 
of the radioactivity from palmitic acid-1-C™ could be recovered 
from the Warburg vessels before incubation. Of this total about 
40 per cent was found in the supernatant solution and 60 per 
cent in the cells. Following incubation, recovery was much 
poorer, ranging from 30 to 80 per cent. Of this amount, an 
average of 16 per cent of the activity was found in the center 
wells after 60 minutes, 3 per cent in the supernatant fluid, 63 
per cent in the cell debris (after lysing cells) and 18 per cent in 
the cell contents. This distribution varied with the conditions 
of the experiment. 

Oxidation of Palmitic Acid-1-C—In Table III are shown the 
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Taste II 
Effect of increasing palmitate concentration (with or without 
glucose) on tumor respiration 


0.001 u Palmitate added ‘Fetal % of 
mil. meg. % 
1.8 0 27 
1.2 0 32 
0.9 0 59 
0.6 0 65 
0.3 0 71 
0.3 300 76 
0.2 15 100 
Taste III 
Oxidation of palmitic acid-1-C™ by tumor cells (742 total counts 
added to each vessel) 
endogenous Total counts 
ties recovered 
Center well Cells Supernatant 
min. % % % % 
0 95 0 82 18 
15 17 56 3 93 4 
30 37 57 9 82 9 
45 51 6 12 80 N 
60 75 66 25 67 Ss 
75 98 49 33 58 9 
90 96 61 20 73 7 
120° 96 46 25 65 10 


* One experiment only (other values are averages of 3 or 4 
experiments). 


results of several experiments on the oxidation of palmitate by 
the tumor cells for varying lengths of time. 

It is evident that oxidation of added palmitate is essentially 
completed at 1 hour even though only 20 to 30 per cent of the 
recovered activity is in the center well and most of the remainder 
is in the cells. At this same time, endogenous respiration has 
recovered from the inhibition by palmitate and glucose. 

In Table IV are shown the results of several experiments on 
the oxidation of palmitate as the albumin complex by tumor 
cells for varying lengths of time. 

In this case, the oxidation of palmitate appears to proceed 
further and to continue throughout the experiment. Recoveries 
in the supernatant fluid are much higher than in the absence of 
albumin, probably reflecting the greater solubility of the pal- 
mitate in this medium. 
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900 60 1 
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300 85 

38 | SS 

| 
| 
RESULTS 


100 


Tasie IV 
Oxidation of palmitic acid-1-C™ from its albumin com ple by tumor 
cells (710 total counts added to each vessel) 


% of 88 Recovered counts in 
— — — — 
Center well Cells Supernatant 

min. % % % 75 
0 77 0 56 44 
15 18 58 5 61 34 
30 38 46 19 58 23 
45 65 56 26 56 18 
60 80 52 28 14 28 
75° 69 46 33 57 10 
90* 97 67 45 40 15 


TaBLe V 
Comparison of rate of oxidation of palmitate-1-C™ from buffer or 
from its albumin complex (827 total counts added to each vessel.) 


4 Recovered counts in 
Time Albumin 
tion Center Super- 
well Cells natant 
min. % % % % 
15 — 32 55 2 86 12 
+ 28 82 5 42 53 
30 — 61 63 5 86 9 
+ 77 90 11 49 10 
60 — 66 64 10 82 8 
+ 87 79 15 4s 37 
VI 
Oxidation of albumin-C™ by tumor cells (300 total counts added 
to each vessel) 
Time recovered 
— Center well Cells Supernatant 
min. * % 

0 93 0 0 100 
90 99 83 0 0 100 
Tasie VII 
Oxidation of palmitate-1-C™ with and without KCN 

of Recovered counts in 
Albumin Cyanide Rens Total counts 
(0.001 mw) | respira recovered 
j om | 

% % % % 
— — 65 75 23 4 73 
- + 11 100 0 72 28 
+ — 55 52 28 52 20 
+ + 8 74 2 72 26 


The results of separate experiments have thus indicated that 
although palmitate was oxidized by the cells from its suspension 
in buffer, its oxidation from the albumin complex was more 
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complete and regular. To test this hypothesis an experiment 
was performed in which the same cells were used to oxidine 
in Table V. 

In confirmation of the previous experiments, it can be seen 
that oxidation is more complete with the palmitate-albumin 
complex than with palmitate alone. It is also again apparent 
that the albumin promotes greater respiration and greater soly 
bility of the palmitate in the medium rather than in the cell 
wall 


Oxidation of Albumin-C“—In Table VI are shown the results 
of an experiment on the oxidation of albumin-C™ by tumor cells, 
It is evident that no albumin entered the cells or was oxidized 
during the experiment. 

To ascertain whether the absorption of palmitate onto the 
cell wall is an active phenomenon or merely a distribution 
between the lipides of the cell wall and the medium, the following 
experiment was performed. Oxidation of palmitate-1-C" 
alone and as its albumin complex was compared in the presence 
and absence of KCN. The results of these experiments are 
shown in Table VII. 

Evidently the inhibition of the oxidation of the palmitate did 
not prevent its absorption onto the cell wall. As a matter of 
fact, it appears from these data that more fatty acid can accumu- 
late in the cell wall in the absence of oxidative metabolism than 


in its presence. 
DISCUSSION 


Weinhouse and coworkers (6-8) have demonstrated that 
tumors of various sorts oxidize fatty acids at rates somewhat 
lower than liver slices but to an extent which might indicate 
that tumors normally exhibit active fat metabolism. Indeed, 
these authors considered that the respiratory quotient and the 
activity of respiratory carbon dioxide from tumors containing 
labeled fatty acids indicate that the endogenous respiration of 
tumors is largely from fat. In any event, the tumor cell is 
evidently capable of absorbing and metabolizing fatty acids. 

The fatty acids available to cells from the blood are carried 
in several forms. The chylomicrons carry largely triglycerides, 
the g- lipoproteins contain triglycerides, sterol esters and phos- 
pholipides and the a-lipoproteins contain sterols and phospholip- 
ides. The absorption of these various lipides by cells will be 
considered in later communications. Bearing on this subject 
are two papers. Shapiro and coworkers (9) have shown that 
adipose tissue readily absorbs triglycerides, fatty acids and some 
esters but n/t sterols or phospholipides. James et al. (10), 
studying the reverse process, have obtained evidence that, al- 
though erythrocytes synthesize fatty acids in vitro, these are 
not released into the medium unless a-lipoproteins are present. 

The present study was concerned with a simple lipoprotein, 
the fatty acid-albumin complex. This complex has been shown 
to be oxidized very rapidly when injected into the blood of rats 
or human subjects (11, 12) and is possibly one of the main forms 
in which fatty acids are absorbed by cells for rapid metabolism. 
It was of interest, therefore, to ascertain how this lipoprotein 
would behave during the absorption process. The evidence 
presented is consistent with the idea that the process of absorp- 
tion from the medium onto the cell is one of partition between 
the medium and the lipides of the cell surface. This process can 
take place in respiring or inhibited cells. Following this passive 
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process, the fatty acid is probably drawn within the cell by an 
enzymatic process such as activation and can then be metabo- 
lized to CO;. This concept agrees with that of Shapiro et al. (9) 
for oxidation of stearic acid by adipose tissue. The function of 
the albumin appears to be one of transport since the albumin 
itself is neither absorbed onto the cell surface nor passed through 
the cell wall, at least during the times used in the present experi- 
ments. The more rapid rate of oxidation of palmitate from its al- 
bumin complex can probably be ascribed to this effect. It is pos- 
sible that some other effect exists, since, in the absence of albumin, 
a higher percentage of the palmitate was absorbed onto the cell 
withou t being metabolized. It seems likely, however, that this 
effect is also dependent on the dispersion of the fatty acid in 
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the medium, since in the absence of albumin, larger particles of 
fatty acid may have been absorbed onto fewer cells. 


The absorption of palmitic acid-1-C" by ascites tumor cells 
was studied in vitro. Palmitate was metabolized more rapidly 
from its albumin complex than from buffer alone, but the al- 
bumin carrier was not absorbed or metabolized. Cyanide- 
inhibited cells absorbed palmitate from the medium but did not 
metabolize it. The process of absorption was thus revealed as 
a distribution of fatty acid between the medium and the inert 
cell surface probably followed by an active transfer of the fatty 
acid into the cell for oxidation. 
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There are two known enzymatic systems for the synthesis of 
carbamyl phosphate. One of these systems is in bacteria and 
makes use of nonenzymatically formed carbamic acid (1), and 
the other is in mammals and requires acetyl glutamate (2). The 
name carbamyl phosphate synthetase is proposed for the latter. 

Carbamyl phosphate synthetase from mammalian liver is ex- 
tremely labile and difficult to separate from traces of contaminat- 
ing enzymes, particularly myokinase, which interfere with the 
investigation of the mechanism of the reaction (2). This paper 
describes a preparation of the enzyme from frog liver which is 
much more stable, and is free of myokinase, adenosine triphos- 
phatase, pyrophosphatase, and ornithine transcarbamylase. 


METHODS 


Inorganic phosphate was measured by the method of Dryer et 
al. (3). Protein was measured by the method of Lowry et al. 
(4), with bovine serum albumin as a standard. Citrulline was 
determined by the method of Archibald (5), as modified by 
Ratner (6). Myokinase was assayed essentially by the pro- 
cedure of Kalckar (7). A unit of myokinase will be defined as 
the micromoles of phosphorus that are stabilized in 15 min- 
utes at 37°. 

Carbamyl Phosphate Synthetase Assay—The incubation system 
for the assay of carbamyl phosphate synthetase contained the 
following constituents: the enzyme to be assayed; ATP,' 5 
umoles; MgSO,, 15 wmoles; NH,HCO; saturated with CO,, 
50 moles; acetyl glutamate, 5 umoles; glycylglycine, pH 7.5, 
50 umoles; phosphoenolpyruvate, 5 umoles; pyruvate kinase, 20 
ug.; L-ornithine, 5 umoles; ornithine transcarbamylase, 7 to 10 
units (8) for each unit of the enzyme being assayed; and water 
to give a final volume of I ml. All substrates were adjusted to 
pH 7.4. The system was incubated for 15 minutes at 37°. 
Deproteinization was not necessary because of the small amount 
of protein present. The reaction was stopped by placing the 
tubes on ice and the reagents for the citrulline analysis were 
added. 


* This study was supported in part by grants from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service (No. C-3571); and the Wisconsin Alumni 
Research Foundation. 

t Fellow of the American Cancer Society. 

1 The abbreviations used are: AMP, ADP, and ATP, mono-, di-, 
and triphosphates of adenosine; Pi, inorganic phosphate; Tris, 
tris(hydroxymethyl)aminomethane; DEAE-SF, diethylamino- 
ethyl Solka Floc; P-cellulose, cellulose phosphate; CTAB, cety- 
trimethyl-ammonium bromide. 


An ATP-generating system was required for the reaction to be 
linear with the concentration of enzyme. The phosphopyruvate- 
pyruvate kinase system was chosen because it did not interfere 
with the determination of PI. However, phosphopyruvate at 
the level that was used caused a 10 per cent inhibition. Both 
Tris and imidazole buffers inhibited the enzyme. Glycylgly- 
cine did not inhibit the enzyme if the amount of Mg** ion was 
increased to 15 umoles. 

A unit of carbamyl phosphate synthetase is defined as that 
amount of enzyme which synthesizes | amole of citrulline in 15 
minutes under the conditions of the assay. 


MATERIALS 


Phosphopyruvate-Pyruvate Kinase—Phosphoenolpyruvate was 
prepared from phosphoglycerate treated with a dialyzed extract of 
rabbit muscle essentially according to the procedure of Lohmann 
and Meyerhof (9). Pyruvate kinase was prepared from rabbit 
muscle by the method of Bücher (10). 

Ornithine Transcarbamylase—A preparation of ornithine trans- 
carbamylase was used that had been carried through the stage 
of ammonium sulfate precipitation in the purification scheme of 
Burnett and Cohen (8). 

Cellulose Ion Exchange Adsorbents—The cellulose ion exchange 
adsorbents, DEAE-SF and P-cellulose, were prepared according 
to the direction of Peterson and Sober (11). They were ad- 
justed to the desired pH and then equilibrated with the same 
buffer as that in which the protein was placed on the column. 
The dimensions given for the column were those which resulted 
when the column was poured at 3° and allowed to settle under 
gravity. 

Preparation of ADP®—ADP® was synthesized by the method 
of Lowenstein (12). 1 amole of nonradioactive ADP was then 
added to the reaction mixture and the components were sepa- 
rated on a column of Dowex | formate by the procedure of Hurl- 
bert et al. (13). Two poorly resolved radioactive peaks appeared 
in the fraction which normally contains ADP. One of these 
may have been pyrophosphate. These were combined, passed 
through a column of Dowex 50 H in order to remove the am- 
monium ion, then extracted with n-butanol in order to remove 
the formic acid. A separation was achieved by chromatography 
on Dowex 1 Cl by a modification of the method of Cohn and 
Carter (14). The ADP fraction was then freed from the remain- 
ing Pi by adsorption on Norit that was partially deactivated by 
treatment with 10 per cent aqueous ethanol. The ADP. was 
eluted with pyridine and the eluate was evaporated in vacuo. 
The yield of ADP was 12.5 per cent. 
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Purification of Carbamyl Phosphate Synthetase 


Livers from both Rana catesbiana (bullfrog)? and Rana pipiens 
have been used as a source of carbamyl phosphate synthetase 
with similar results. Bullfrog livers were more convenient since 
an individual liver weighed from 5 to 15 gm. There was great 
variation in the appearance of the livers, depending, at least 
partly, on the amount of melanin present; but, except for differ- 
ences in the turbidity of the initial extract, the results from one 
preparation to the next were remarkably constant. 

Extraction—The livers were homogenized for 45 seconds at full 
speed in a Waring Blendor with 9 volumes of 0.15 u KCl. The 
homogenate was centrifuged for 30 minutes at 4000 X g in a 
refrigerated centrifuge, the supernatant solution discarded, and 
the residue washed twice with KCI by suspension and centrifu- 
gation. This residue was then extracted twice for 15 seconds at 
low speed in the Waring Blendor with a volume of a 0.1 per cent 
solution of the detergent CTAB equal to 3 times the original 
weight of the liver. The suspension was centrifuged for 20 
minutes at 4000 X g, and the supernatant solution was filtered 
through a plug of glass wool in order to remove the insoluble 
material which rose to the surface. A slight turbidity of the 
preparation at this stage did not affect the final product. The 
solution of CTAB was added at room temperature because this 
detergent is not sufficiently soluble in the cold, but all other 
operations were carried out at 3°. 

CTAB was tried as an extracting agent because of the possi- 
bility that it might result in a more effective disruption of the 
particles.“ It proved to be far superior to water. The vield of 
enzyme was at least 2-fold greater, the specific activity was in- 
creased to 3 times as much, and both the yield and specific ne- 
tivity were more reproducible. 

Precipitation with Acetone—The CTAB extract was placed in 
a bath maintained at —10° and it was cooled to 0°; acetone at 
—20° was added in order to give a final concentration of 40 per 
cent by volume. The acetone was added from a separatory 
funnel at a rate such that the temperature of the solution was 
— at the end of the addition. It was then centrifuged at 
—18°. The precipitate was dissolved in a volume of 0.005 M 
Na“ succinate buffer, pH 6, equal to at least twice the original 
weight of the liver, and the insoluble material was removed by cen- 
trifugation. It was necessary to use sufficient buffer to make 
the final concentration of acetone low. 

Chromatography on P-Cellulose—The solution of the acetone 
precipitate was placed on a column of P-cellulose equilibrated 
with 0.005 u Na* succinate, pH 6. The enzyme was completely 
adsorbed, regardless of the flow rate. The column was then 
washed with a volume of 0.005 M succinate, pH 6, equal to the 
volume of the column, and the carbamy! phosphate synthetase 
was eluted with a gradient of Na“ succinate, pH 6, that was 
formed in a closed system with a single mixing chamber. An 
aliquot was removed from each fraction for assay and the remain- 
der was precipitated immediately with sufficient solid ammonium 
sulfate to bring the solution to 80 per cent saturation. From 
75 to 80 per cent of the protein was recovered in the ammonium 
sulfate precipitate. The fractions which contained the enzyme 


* Frogs were purchased from the Lemberger Company, 1436 
South Park Avenue, Oshkosh, Wisconsin. 

* The initial observation of the effectiveness of CTAB as an 
extracting agent was made by Dr. G. H. Burnett. 
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Fig. I. Chromatography of the CTAB extract on P-cellulose. 
A preparation containing 8890 units of activity and 456 mg. of 
protein was placed on a 2 X 13 em. column at 3°. The mixing 
chamber contained 500 ml. of 0.005 M Na“ succinate, pH 6, and the 
reservoir contained 0.1 u Na“ succinate, pH 6. 20 ml. fractions 
were collected every 5 minutes. Tubes 5 through 10 were com- 
bined. O, units per ml. of eluate; @, mg. of protein per ml. of 
eluate. 


Taste | 
Fractionation of carbamyl phosphate synthetase 
Fraction Total unte Vield 
CTAB extraet 8960 ˙ 11.8 (100) 
Acetone precipitate... 8890 18.7 99 
P. cellulose 8330 | 23.5 93 


* From 95 gm. of liver. 


were combined and the suspension was kept frozen on dry ice. 
Under these conditions the enzyme was stable indefinitely. 

A variable amount of protein, but less than | per cent of the 
activity, was removed by the washing; some of the protein, in- 
cluding the ornithine transcarbamylase, was not eluted by the 
concentration of Na* succinate used. It can be seen in Fig. 1 
that the tubes which contained the activity had a constant 
specific activity. However, the preparation still contained a 
trace of myokinase and was less homogeneous electrophoretically 
than after it had also been chromatographed on DEAE-SF. 

The yields and specific activities at each step of the fraction- 
ation are recorded in Table I. 

Chromatography on DEAE-SF—The ammonium sulfate sus- 
pension was centrifuged at 10,000 x g. The precipitate was dis- 
solved in a buffer of pH 7.5, containing 0.02 m Tris-HCl and 
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Taste II 
Chromatography on DEAE-SF* 
Fraction Total units | Unite/mg- Yield 
% 

(NH.) S0, precipitate 
from P- cellulose 5270 23.9 (100) 
Self-eluate + wash....... 305 20.3 5.8 
First 0.05 u Ci eluate... 2740 29.4 52.0 
Second 0.05 M Ci eluate... 1070 25.5 20.3 
Third 0.05 M Cl- eluate.... 280 20.6 5.3 
0.18 M1 Cl- eluate......... 180 20.4 3.4 


*2 X 7 em. column of DEAE-SF. 


0.005 M MgCl, the buffer being of sufficient volume to give a |! 
per cent solution of protein; the precipitate was dialyzed against 
this buffer for 4 hours. There was no loss of activity on dial- 
ysis. The dialyzed solution was diluted with an equal volume 
of water and placed on a column of DEAE-SF equilibrated with 
the buffer (0.02 m Tris-HCl, 0.005 M MgCl, pH 7.5). The col- 
umn was washed with a column volume of this same buffer and 
was then eluted with the buffer, to which sufficient NaCl had 
been added to produce a final concentration of 0.05 u Ch ion. 
The latter step was repeated two more times and the column was 
finally eluted with a column volume of buffer plus NaCl to make 
0.18 1 Ch ion. The results are given in Table II. Solid am- 
monium sulfate to make the final concentration 80 per cent 
saturated was added to the fraction of highest specific activity. 
It was stored as a suspension in ammonium sulfate at —80°. 


RESULTS AND DISCUSSION 
Properties of Purified Preparation of Carbamyl 
Phosphate Synthetase 

Stability—The yield and specific activity of a CTAB ex- 
tract of rat liver were the same as from frog liver, but the former 
lost all of its activity upon precipitation with acetone. In 
every respect the frog enzyme was more stable than that from 
mammalian sources. It did not lose more than 5 per cent of 
its activity on dialysis overnight at pH 7.5 in the presence of 
Mg ion, and it could be kept in solution at 0° for several hours 
from pH 5 to 6 with little loss in activity, although a large 
amount of denatured protein was precipitated on dialysis in this 
pH range. The mammalian enzyme, on the other hand, had a 
half-life of 1 hour at pH 7.4 at 0° and lost all activity immediately 
at pH 6 (2). 

Factors Affecting Enzymatic Activity—The enzyme is inhibited 
by the presence of salts. The activity can be increased 16 per 
cent by neutralization of the required cations with the required 
anions in order to eliminate any unnecessary NaCl. This prop- 
erty makes it difficult to study the kinetics in a conventional 
manner, but it was established that the concentration of the 
components in the assay system are those which give maximal 
activity. The pH optimum is from pH 7.2 to 7.4. 

Physical Properties—An attempt was made to assess the 
homogeneity of the preparation. After chromatography on 
DEAE-SF, it sedimented as a single peak in the ultracentrifuge: 
820.0 = 11.4 in 0.15 M NaCl, 0.005 1 Na“ succinate, pH 6, 0.7 
per cent protein. Upon electrophoresis at pH 7.5, a fast shoulder 
separated which made up 20 per cent of the total area. A 
preparation which had been chromatographed only on P-cel- 
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lulose contained protein of still greater mobility, although it, too, 
was poorly resolved from the main peak after 7 hours at a po- 
tential gradient of 4.2 em.“ volt ee. i. The main component 
was isolated from the descending side after separation by elec- 
trophoresis and was found to contain material with a specific 
activity slightly greater than the original. 

The fraction with the highest specific activity from the chroma- 
tography on DEAE-SF (Table II) was reapplied to a column of 
DEAE-SF and eluted with a gradient of CI ion. The maximum 
of the peak containing the enzymatic activity coincided with 
the maximum of the protein peak, but the specific activity was 
lower at the edges than at the center of the peak. 

To test the possibility that CTAB might have extracted frag- 
ments of larger molecular size than would be obtained by other 
techniques, a preparation of carbamyl phosphate synthetase was 
made from an acetone powder of the frog liver residue. The 
powder was extracted with 0.005 u Na“ succinate, pH 6, con- 
taining MgCl, (0.005 ). Except for the composition of the 
buffer, the extraction was exactly as described for the prepara- 
tion of carbamyl phosphate synthetase from dog liver (2). The 
extract was subjected to ammonium sulfate fractionation in the 
manner described for purification of the beef liver enzyme (2). 
The packed ammonium sulfate precipitate was dissolved in 
0.005 M Na“ succinate, pH 6, and dialyzed for 4 hours against 
the latter buffer. The preparation was then centrifuged for 10 
minutes at 4000 X g in order to remove a small amount of de- 
natured protein. The supernatant solution was chroma- 
tographed on P-cellulose and subsequently on DEAE-SF. In 
both cases, the enzyme exhibited the same chromatographic 
properties as did that from the CTAB extract, and the purified 
preparation sedimented with 8:0. equaled 11.0 at a protein con- 
centration of 0.9 per cent. 

Enzymatic Purity The ratio of units of carbamyl phosphate 
synthetase to units of myokinase was approximately 500 after 
chromatography on P-cellulose and greater than 3500 in the 
preparation which had also been chromatographed on DEAE- 
SF. ATPase, pyrophosphatase, and ornithine transcarbamylase 
were all absent after chromatography on P-cellulose. 


Taste III 
Exchange of ADP® with ATP* 
Total counts per minute X 10 
Conditions AMP fraction — 
AMP | Pi 

Minus acetyl glutamate..... 38 319 1 
Minus (NH. 80. 0 32 405 4 
Minus NaHCO,............ 5 15 4 
Minus acetyl glutamate 

(NH,);80,, NaHCoO,.. 27 350 2 


* The incubation system contained 3 units of carbamyl phos- 
phate synthetase, 2 usmoles of ATP, 2 moles of ADP. (4 X 10 
e. p. m.), 10 smoles of Tris, pH 7.5, 20 umoles of MgSO,, 20 umoles 
of acetyl glutamate, 40 moles of (NH,)s8O,, 10 smoles of NaHCO,, 
and water to make a volume of 2 ml. It was incubated for 15 
minutes at 38°, the reaction was stopped by addition of HCIO,, 
and the nucleotides were separated by the procedure described 
by Metzenberg et al. (2). 5 ml. fractions were collected and 2 
0.2 ml. aliquot from every other tube was dried and counted. 
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Stoichiometry of the Reaction Catalyzed by the Frog Enzyme 


The synthesis of carbamy! phosphate by carbamyl phosphate 
synthetase from frog liver is absolutely dependent on the presence 
of acetyl glutamate. The stoichiometry of the reaction is the 
same as that reported for the synthesis by enzyme preparations 
from mammalian liver (2): 2 moles each of P. and ADP were 
released per mole of citrulline formed. Because of the absence 
of myokinase, the results are unequivocal, i.e. no AMP is formed. 


ADP® Exchange 
If, during the synthesis of carbamy! phosphate, a high energy 
phosphate derivative of acetyl glutamate were formed as an in- 
termediate, an equilibrium would be expected to exist between 
ADP and ATP: 


ATP® + acetyl] glutamate ADP. + acetyl! glutamate ~ P 


As a result of this the label from ADP would appear in the ATP. 
This possibility could be tested now that a preparation of car- 
hamyl phosphate synthetase free of myokinase was available. 
The results of the experiment are recorded in Table III. 
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The counts in the AMP fraction were the result primarily of 
contamination of the ADP* with P. since they could be ex- 
tracted with the Berenblum and Chain reagent (15). The 
counts in the ATP fraction may have been due to traces of ADP 
still being eluted and, in any case, were not considered to be 
significant. We conclude that a high energy phosphate deriva- 
tive of acety! glutamate is not an intermediate. 


The purification of carbamy] phosphate synthetase from frog 
liver is described. This enzyme was much more stable than 
that from mammalian sources. The preparation was free of 
adenosine triphosphatase, pyrophosphatase, ornithine trans- 
carbamylase, and myokinase. Some aspects of its homogeneity 
are discussed. 

Carbamy! phosphate synthetase did not catalyze the exchange 
of radioactive adenosine diphosphate with adenosine triphos- 
phate in the presence of acetyl glutamate. A high energy phos- 
phate derivative of acetyl glutamate is, on this basis, considered 
to be excluded as an intermediate in the synthesis of carbamyl 
phosphate. 
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Deiodination of Diiodotyrosine by Cell-Free Systems’ 


Joun B. STanspury AND Mary L. Morris 


From the Department of Medicine, Harvard Medical School, and the Medical Services of the 
Massachusetts General Hospital, Boston, Massachusetts 


(Received for publication, February 13, 1958) 


Deiodination of t-monoiodotyrosine is accomplished by a 
microsomal enzyme which requires TPNH' but not oxygen. 
The intracellular location, cofactor requirement, and other char- 
acteristics have been demonstrated in thyroid, liver, and kidney 
(1). Deiodination of MIT and of DIT has been demonstrated 
in other tissues as well (2, 3). Specific lack of MIT and DIT 
deiodinase activity in the tissues is responsible for one type of 
cretinism with goiter (4-6). 

This report is an extension of observations previously reported 
on the deiodination of MIT (I). It will be shown that the de- 
iodination of DIT is similar to that of MIT but that the rate is 


slower. 


METHODS 


Sheep thyroids were obtained at a local abattoir and brought 
at once on ice to the laboratory, where they were dissected free 
from neighboring structures. Liver and kidney tissue was ob- 
tained from rats killed by a blow on the head. Methods of prep- 
aration of tissue, differential centrifugation, and measurement of 
deiodination have been previously described (1). I-labeled 
DIT was prepared by iodination of L-tyrosine with elemental 
iodine and was purified chromatographically. Chromatograms 
from enzymatic assays were corrected for the small amounts of 
contaminating labeled iodide and MIT. Homogenization of tis- 
sues was carried out in 0.38 M sucrose solution containing 0.05 M 
nicotinamide and 0.1 & Tris buffer at pH 7.3. Tris buffer was 
used as the suspending medium during incubation. 

pi-C"™-labeled MIT and DIT were prepared by iodination of 
carboxyl-labeled pi-C"-tyrosine. The iodotyrosines were sep- 
arated chromatographically on Whatman No. 3 paper in a bu- 
tanol-acetic acid solvent system, and the appropriate zones 
were eluted. The iodine content of each was measured. The 
specific activity of MIT was determined to be 4 yc. per umole 
and of DIT, 3 we. per umole. After incubation with tissue 
and acidification, n-butanol extracts were made, dried in an air 
stream, taken up in ethanol-ammonia, and applied to What- 
man No. 1 paper for chromatographic separation in a bu- 
tanol-acetic acid solvent system. The dried and stained 


* This work was supported in part by Grant No. A-1880 of the 
National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, United States Public Health Service. 

1 The abbreviations used are: MIT, monoiodotyrosine; DIT, 
diiodotyrosine; FAD, flavine adenine nucleotide; FMN, flavine 
mononucleotide; ATP, adenosine triphosphate; GTP, guanosine 
triphosphate; G-6-P, glucose-6-phosphate; TPN, triphospho- 
pyridine nucleotide, and its reduced form, TPNH; and Tris, tris- 
(hydroxymethy])aminomethane. 


chromatograms were cut in I to 2 cm. segments and each meas- 
ured in an automatic gas flow counter for 1000 counts. 


RESULTS 


Intracellular Localization of Enzyme Systems—Enaymatic ac- 
tivity resided primarily in the microsomal fraction (Table 1). 
Only minimal deiodination occurred when “nuclear” and mito- 
chondrial pellets were resuspended in the soluble fraction ob- 
tained by centrifugation of whole homogenized tissues for 1 
hour at 10° x g. When the microsomes were similarly recon- 
stituted, deiodination was approximately 70 per cent of that in 
whole homogenate. The large amount of collagen in the thyroid 
tissue makes it difficult to wash the “nuclear” and mitochondrial 
pellets entirely free of microsomes. No deiodinating activity 
was observed in the particulate fractions when resuspended in 
sucrose and almost none in the soluble fraction alone. 

Properties of Enzyme System—The system was heat labile. 
Heating for 2 minutes at 50° almost completely abolished activ- 
ity. The soluble fraction did not lose its capacity to activate 
the microsomes after boiling, but heated microsomes were not 
activated by unheated soluble fraction. 

Deiodination was not appreciably inhibited by 2 x 10°° » 
iodine, by 5 x 10~* N citrate, or by 5 Xx 10 M g-diethylamino- 
ethyl diphenylpropyl acetate hydrochloride (Smith, Kline and 
French, SKF-525-A). It was inhibited by 5.6 Xx 10 “ M copper 
chloride. Deiodination activity was completely lost after ex- 
posure of the homogenate for 10 minutes in a 10 ke. Raytheon 
sonic oscillator and was not restored by addition of TPNH. 
An acetone powder was prepared in the cold from whole tissue 
homogenate. When resuspended almost no deiodinating activ- 
ity was found, and activity was not restored by the addition of 
TPNH. 

Enzymatic activity was not oxygen-dependent. Deiodination 
was approximately the same when the reaction was observed in 
Thunberg tubes reflushed with air as when the tubes were re- 
peatedly evacuated and filled with nitrogen. When the tubes 
were refilled with 95 per cent oxygen and 5 per cent carbon diox- 
ide the reaction was a little less than with nitrogen. Cyanide 
at 10-* M caused slight inhibition of deiodination. 

Incubation of the homogenate at 37° before adding substrate 
resulted in a decline in activity which approached zero after 30 
minutes, both with oxygen and nitrogen. This could be partially 
prevented by 1.1 X 10M Versene, and the Versene effect was 
not prevented by adding 2.2 x 10 Mu magnesium ion. Penicil- 
lamine also had a strong protective effect. Slight protective 
effect was obtained from 3 x 10° u glutathione or 3 x 10 ⁰u 
cysteine and none from 0.05 M nicotinamide, 3 x 10 ˙% u histi- 
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dine, or 3 X 10 « ethylenediamine. Preliminary studies indi- 
cate that the fall in deiodinase activity of the system is depend- 
ent upon at least two factors, one of which is destruction of the 
essential cofactor, TPNH, and the other, decline in the activity 
of the microsomal enzyme. 


I 
Deiodination of DIT by various fractions of thyroid ti 
Each flask contained the equivalent of 150 mg. of sheep thyroid 


tissue, 25 wmoles of nicotinamide, and 0.1 * Tris buffer at pH 7.3. 
Incubation time, 20 minutes at 37°. Total volume, 4 ml. 


— 


Substrate 
13.9 48.6 
Tissue preparation memeles | 
DIT DIT 
to MIT r 
Soluble fraction 1.2 1.3 
0.6 0.7 
“Nuclear” fraction + soluble fraction . 8 1.6 1.5 
Mitochondrial fraction 0.3 1.3 
Mitochondrial fraction + soluble fraction Be ea 1.7 2.4 
Microsomal fraction 0.4 1.6 
Microsomal fraction + soluble fraction . 5.4 7.6 
1.2 
9 
1. 
MIT, 2549 
! 
MIT, Zug 
MIT, O 
1 1 1 
A 3 
178 


Fido. 1. The effect of substrate concentration and of added MIT 
on the deiodination of DIT. S. DIT concentration in mamole⸗ 
per4ml. N. rate of deiodination of DIT to MIT in mgmoles per 
10 minutes. 
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Deiodination of DIT was inhibited partially by 5 x 10-° M 
and almost completely by 10-* M chloromercuribenzoate. In a 
study of MIT deiodination carried out at the same time, the 
degree of inhibition by chloromercuribenzoate was the same. 
Inhibition was prevented by addition of glutathione. 

The relationship between substrate concentration of DIT and 
rate of deiodination plotted according to Lineweaver and Burk 
(7) is shown as the lowest line in Fig. 1. Each point is the mean 
of two determinations. The maximal velocity in this experiment 
was 4.5 myumoles per 10 minutes, but the reaction rates were 
found to vary considerably among different lots of thyroid tissue. 
The Michaelis constant was 3.7 x 10-7 Mu. In the same experi- 
ment, the effect of added MIT was observed. The results are 
also plotted in Fig. 1. The rates refer to mumoles of DIT de- 
graded to MIT. 

Products of Reaction—There was no evidence of any iodinated 
product other than MIT and iodide. When C-p1-DIT was 
used as substrate, C™-tyrosine appeared. The reaction product 
after incubation of pt-C" MIT was also tyrosine. No unidenti- 
fied C-labeled compound was detected on the chromatograms. 
The total counts recorded from the chromatograms agreed closely 


Taste II 
Deiodination of DIT as affected by a TPNH-generating system 
Each flask contained the equivalent of 150 mg. of sheep thyroid 
tissue, 25 umoles of nicotinamide, and 0.1 * Tris buffer at pH 7.3. 
TPN, I mg.; G-6-P,5 smoles. Incubation time, 20 minutes at 37°. 
Total volume, 4 ml. 


Substrate 
5.7 mumoles | 48.6 mumoles 
— DIT Dir 
MIT a MIT 4 
Whole homogenate................... 5.5 5.8 
Soluble fraction 0.8 0.8 
˙— ˙²mAt 0 0 
Microsomes + soluble fraction 3.0 4.1 
Microsomes + TPN.................. 0 0.4 
Microsomes + G-6-P................. 0.3 0.6 
Microsomes + TPN + G-6-P......... 2.6 2.0 
Tanis III 


Deiodi nation of DIT by liver homogenate 
Each flask contained the equivalent of 150 mg. of whole tissue, 
25 wmoles of nicotinamide, and 0.1 * Tris buffer at pH 7.3. TPNH, 
0.5 mg. Incubation time, 20 minutes at 37°. Total volume, 4 ml. 


Substrate 
12.3 memoles | 21.5 mamoles 
—1— DIT 
to to 
MIT MIT 
Whole homogenate. .................. 1.3 1.5 
̃ 0.2 0.2 
Soluble fraction 0.5 0.5 
Microsomes + soluble fraction 1.4 1.1 
Microsomes + TPNH................ 1.6 2.0 
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with the number recovered from chromatograms of control sam- 
ples which were heated at 100° for 1 minute before adding the 
labeled substrate. The latter gave no evidence of conversion 
to tyrosine. Approximately one-half of the C-labeled bi-DIT 
and pi-MIT were degraded. In unpublished studies from this 
laboratory it has been found that p-MIT and p-DIT are de- 
iodinated by thyroid homogenates very slowly, if at all. 

Deiodination 


G-6-P, and washed and resuspended microsomes (Table II), but 
none was observed if TPN or G-6-P was omitted. Deiodination 
occurred if TPNH was used in place of a TPNH-regenerating 
system. Activity was not restored by DPN, a DPNH-generat- 
ing system, GTP, FAD, FMN, or ATP. 

DIT Deiodination by Rat Liver and Kidney—Rat liver and 
kidney homogenates were less effective in deiodinating DIT than 
was sheep thyroid. Only slight deiodination by kidney homog- 
enates was observed. These homogenates were prepared in the 
presence of 0.05 M nicotinamide. Deiodination failed to occur 
in the presence of washed microsomes but was observed when 
the soluble fraction, a TPNH-generating system, or TPNH was 
added (Table III). 


Deiodination of DIT occurs in the presence of a microsomal 
enzyme which requires TPNH for its activity. The enzyme is 
thermolabile and is inactivated by sonic disruption, acetone 
_ precipitation, or treatment with chloromercuribenzoate. It is 

not dependent upon oxygen and is not inhibited by cyanide, cit- 
rate, or iodide. In all these respects the enzyme seems to be 
identical with that which deiodinates MIT. In addition, it has 
been observed that the degradation of DIT is inhibited by cupric 
ion. The activity of the deiodinating system declines with time 
both in the presence and absence of oxygen, but this can be par- 
tially prevented by Versene (Merck). The Versene effect pre- 
sumably is a result of complexing with a heavy metal such as 
copper which is essential in the degradation of a required or 
stabilizing factor in the enzyme system. 

The fraction of DIT which was degraded per unit time was 
dependent upon the concentration of DIT and was reduced by 
addition of MIT. Maximal rates of enzyme activity on the 
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average were considerably less than those observed with MIT. 
In experiments employing labeled DIT and labeled MIT in 
parallel flasks over wide substrate concentration ranges, the rate 
of deiodination of MIT was always higher than the rate of pro- 
duction of MIT from DIT. Thus, the first iodine is more slowly 
removed from DIT than the second. The findings illustrated 
in Fig. 1, where it is shown that the rate of degradation of DIT 
to MIT is depressed by addition of MIT, indicate substrate 
competition for the deiodinating enzyme. 

Deiodination of DIT occurred in both liver and kidney homog- 
enates, but the rates were lower than in thyroid. Kidney 
homogenates showed lower activity than liver. In both, the 
enzyme was in the microsomes and required the soluble fraction 
or TPNH for activation. Thus, deiodination of DIT by liver 
and kidney is similar to, but slower than, degradation of MIT, 
and the enzyme is similar in liver, kidney, and thyroid. 

The products of the deiodination of both iodotyrosines by 
thyroid homogenates are iodide and tyrosine. No unidentified 
I. or C'labeled products were found when labeled DIT or 
MIT were used with thyroid homogenates. The absence of a 
transaminase in thyroid was previously shown by Tong et al. (8). 
Deiodination, therefore, is not preceded by an alteration else- 
where in the molecule, nor is removal of iodine accompanied by 
permanent changes on the benzene ring. 


1. The metabolism of diiodotyrosine has been studied in sheep 
thyroid and in rat liver and kidney. 

2. Diiodotyrosine deiodinase is a microsomal enzyme which 
in sheep thyroid and rat liver appears to be identical with that 
which deiodinates monoiodotyrosine, but deiodination is slower. 
Only minimal deiodination was observed in rat kidney. 

3. The products of deiodination of diiodotyrosine by sheep 
thyroid are monoiodotyrosine, tyrosine, and iodide. 
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Two enzyme systems which catalyze the synthesis of mono- 
iodotyrosine have been obtained from thyroid tissue. One of 
these systems is soluble and produces free MIT' upon supple- 
mentation with cupric ion and tyrosine (1, 2). In addition to 
its presence in the thyroid, the soluble system also occurs in 
high concentration in the submavillary and parotid salivary 
glands, and in the intra- and extraorbital lacrimal glands of the 
rat (2,3). It is also present in rat stomach but in much smaller 
concentration than in the other tissues. The second system was 
first discovered in the mitochondria of thyroid tissue in sheep 
(4), and it was found later in mitochondria of salivary and mam- 
mary tissues in the rat (5). The mitochondrial system requires 
no supplementation, and it produces protein-bound MIT. 
Recent studies on the occurrence of both systems have shown that 
the mitochondrial system is found in all sites in which the soluble 
system is found, and, in addition, it occurs in several other tissues 
(3). Studies of both svstems have indicated their close connec- 
tion (3), and the purpose of the present paper is to report further 
investigations of this relationship. 


METHODS 


Soluble System —Unless otherwise mentioned, all experiments 
invelving the soluble system were carried out as previously de- 
«ribed (2), except that 1.0 ml. of 5 per cent homogenate of the 
appropriate tissue was used and the incubation time was reduced 
to 0.5 hours. 

Mitochondrial System— Experiments with the mitochondrial 
system were carried out according to the procedures of Taurog 
et al. (4). This method involved homogenization in ice-cold 
Krebs-Ringer bicarbonate buffer, centrifugation at 600 x g 
for 10 minutes at 0° to remove cell debris and nuclei, and then 
centrifugation at 25,000 x g for 30 minutes at 0°. The di- 
mented material was resuspended in Krebs-Ringer bicarbonate 
buffer (3 ml. for each 1.5 gm. original tissue), and it was incubated 
as previously described (4). This preparation will be referred 
to as the “mitochondrial system” but it should be kept in mind 
that it does contain microsomes (4). 


* Paper No. 3901, Scientific Journal Series, Minnesota Agri- 
cultural Experiment Station. This work was supported by a 
grant from the National Science Foundation. Paper I in this 
series ix in press in the Proceedings of the Wooster Trace Element 
Symposium, Academic Press, 1957. 

Present address: Scripps Research Foundation, LaJolla, Cal- 
ifornia. 


The abbreviation used is: MIT, monoiodotyrosine. 


Methods of Paper Chromatography and Radioautography—All 
chromatographic separations were carried out on Whatman No. | 
filter paper which had been treated with buffer. The general 
techniques used have been described elsewhere (1, 2). The 
chromatography solvent was the upper layer of a butane-1-ol- 
acetic acid-water mixture in the volume proportions of 68:2:27. 

(Quantitative Estimation of Radioactivity Present in Chromato- 
graphic Spots—in order to determine the proportion of iodine 
in the different chemical forms present at the end of each experi- 
ment, the spots on the chromatograms were cut out, folded into 
small squares (approximately 5 Xx 5 mm.), and counted with a 
scintillation counter. The radioiodine present in each compound 
was expressed as a percentage of the total radioiodine present 
on the chromatogram. This corrects for decay and for any small 
variation in the aliquot dried on the paper. 

Effect of Anaerobiosis on Soluble Enzyme System — V-xperiments 
were carried out, in pairs, in 2.5 x 10 em. Pyrex test tubes 
containing the enzyme preparation and all components of the sol- 
uble system, with the exception of cupric ion. The tubes were 
equipped with two-holed rubber stoppers in which one hole was 
fitted with a drawn-out Pyrex glass inlet tube that extended be- 
low the surface of the incubation medium, and the other hole 
was fitted with a Pyrex outlet tube bearing a short piece of rubber 
tubing and a pinch-clamp. Nitrogen was passed through the 
inlet tube for a 5 minute period in order to sweep molecular 
oxygen out of the incubation medium. An oxygen-free solution 
of cupric ion was then added through the outlet tube, and one 
of the test tubes was sealed under a slight positive pressure of 
nitrogen. The other tube was opened and shaken, in air, for | 
minute. The second tube served as a control to establish that 
the enzyme preparation had not been inactivated by the proce- 
dure 


Hydrogen Peroride Experiments— These experiments were run 
in Warburg flasks, each experiment involving four flasks. ‘The 
main compartment of each flask contained all of the components 
of the soluble system except the radioiodine which was placed 
in a side arm (0.1 ml. containing 20 c.). The first flask con- 
tained untreated homogenate and, in addition, | gm. of hydrogen 
peroxide solution of the appropriate concentration, enclosed in 
a cellophane bag 0.8 em. in diameter and 2.5 em. long. The 
second flask was prepared in exactly the same fashion as the first 
except that the tissue homogenate used was heated in a boiling 

The nitrogen used in this work was the purified grade sup- 
plied by the Matheson Company, Inc, East Rutherford, New 
Jersey. 
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water bath for 5 minutes. The third and fourth flasks were 
prepared in the same fashion as the first, except that the cello- 
phane bags contained distilled water in place of the peroxide 
solution. All flasks were placed in a bath at 38°, and a gas at- 
mosphere that consisted of 95 per cent N--5 per cent CO, was 
established by alternate evacuation and filling periods (15 cycles). 
The fourth flask was then removed from the bath, shaken with 
access to air for 1 minute, and then returned to the bath. The 
radioiodine was tipped in from the side arms and the flasks were 
shaken in the bath for 3 hours, at the end of which time the con- 
tents were analyzed by paper chromatography. The first two 
flasks served to show the differences between the enzymatic and 
nonenzymatic reactions. The third flask served to establish 
the fact that the system was under adequate anaerobic inhibition, 
and the fourth that the enzyme system had not been damaged 
by the rather extensive procedure. 

Electrolysis Experiments—Each experiment involved a set of 
four cylindrical 15 X 100 mm. Pyrex glass electrolytic cells 
prepared in the following fashion. Each cell was fitted with a 
four-holed rubber stopper. Two of these holes admitted the 
anode and cathode, and the other two were fitted with the gas 
inlet and outlet. The gas inlet tube passed below the level of 
the liquid in the cell. The cathode and anode were formed of 
platinum wire of 0.032 inch diameter. The anode was exposed 
directly to the contents of the cell, and the cathode was shielded 
from the cell contents by a Pyrex tube filled with phosphate 
buffer, pH 7.4, of the same concentration as that used in the in- 
cubation medium. The end of the tube was closed with a filter 
paper plug. The cathode-shielding tubes were freshly prepared 
for each experiment. In order to facilitate the mixing during 
electrolysis, the first and second cells were fitted with magnetic 
stirring bars. Each cell contained 5 ml. of 5 per cent isotonic 
KCl homogenate of rat submaxillary gland, 1.5 ml. of 1.1 X 10 
u iodide ion, 2.5 ml. of 0.1 u phosphate buffer (pH 7.4), 1.0 ml. 
of 0.04 Mu CuCl, and 1.0 ml. of 0.04 M L-tyrosine. The second 
cell in each set contained tissue homogenate that had been heat- 
inactivated in a boiling water bath for 5 minutes. 

The cells were maintained at 0°, and a stream of nitrogen was 
passed through each for 5 minutes. The temperature was then 
rapidly raised to 38°, and a stream of 95 per cent O--5 per cent 
CO: was passed through the fourth cell. All cells were then 
sealed and the first two cells connected, in parallel, to an e.m.f. 
source. The current passing through each cell was observed 
on a microammeter, and the resistance of the cells was adjusted 
by varying the area of anode exposed, so that the same current 
flowed through each. The flow of current was continued for 
1 hour, during which time the solutions were stirred with mag- 
netic stirrers. The reaction was stopped by adding 50 mg. of 
Na: 8:0 5H:0 to each cell, and the contents of each were sub- 


I 
Effect of anaerobiosis on soluble enzyme system 


Experimental conditions Experiment No. Conversion , to 
Anaerobic (N- | 1 4.3 
2 | 5.6 
Aerobic I 70.9 
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mitted to paper-chromatographie analysis. Even with the 
use of purified nitrogen, there was a small percentage of con- 
version of radioiodine to MIT in the third cell. This pereent- 
age was subtracted from that observed in the first cell, in order 
to establish the actual percentage of conversion that was the 
result solely of the electrolytically generated iodine. This 
corrected figure and that observed in the second cell serve os a 
comparison between enzymatic and nonenzymatic iodination. 
The fourth cell served to establish that the enzyme system had 
not been inactivated by the procedures. 

Experiments were conducted with applied e.m.f. of 1.5, 3.0, 
4.5, and 6.0 volts. The e.m.f. that must be applied to a cell 
in order to discharge a given ion is a function of several variables 
determined by cell design (6). It was established by the use 
of starch indicator that at the lowest em. f. used (1.5 volts) there 
was a rapid formation of iodine at the anode under the condi- 
tions in these experiments. 

The current in the cells varied from values of 18 ya. at 1.5 v. 
to 900 ya. at 6.0 volts. A few experiments were run in cells with 
anodes of greatly increased area, and currents of 150 ya. at 
1.5 volts were obtained. These experiments gave the same re- 
sults as those with the lower current at the same e.m_f. 

Carbon Monoxide Experiments—Experiments in this series 
were carried out in Warburg flasks. Experiments were run 
with ail of the components of the system in the main compart- 
ment of the flask, with the exception that the radioiodide was 
placed in a side arm and added after the proper gas atmosphere 
had been established. The gas was furnished by alternate 
evacuation and filling with CO, 10 cycles being used. All 
experiments run in the dark were carried out in flasks coated 
with black paint. Experiments involving the reversal of carbon 
monoxide inhibition by light were carried out with a 150 watt 
incandescent bulb placed just above the flask. 


RESULTS AND DISCUSSION 


Effect of Anacrobiosis on Soluble Enzyme System—One of the 
most obvious differences between the soluble and mitochondrial 
systems is that it has been stated of the former that it functions 
equally well under aerobic and anaerobic conditions (7), whereas 
the latter requires the presence of molecular oxygen (4). In 
this respect the mitochondrial system behaves more like the 
organic-binding process in gland slices (8). The claim that the 
soluble system is not dependent upon a supply of molecular 
oxygen can be attributed to Weiss (7) who found that organic 
binding was not inhibited when preparations of the soluble 
system were incubated in an atmosphere of purified nitrogen. 
The synthesis of organically-bound iodine from iodide ion 
requires an oxidation step, and since Fawcett and Kirkwood (1) 
were able to show a partial replacement of the cupric ion require- 
ment of the soluble system with either ferric ion or hydrogen 
peroxide, they postulated that the cupric ion functioned as an 
agent to oxidize iodide ion. However, in a study of the kinetics 
of formation of MIT by the soluble system, evidence was pro- 
duced to the effect that the oxidation step was enzyme-catalyzed 
(9). In view of this, it was decided to reinvestigate the claim 
of Weiss that anaerobiosis had no effect on the soluble system. 
The results in Table I show that the soluble system is dependent 
upon the presence of molecular oxygen. The discrepancy 
between these results and those of Weiss is puzzling since he 
used carefully purified nitrogen in order to establish anaerobic 
conditions. However, it is evident from our results, which 
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have been repeated many times, that both the soluble and 
mitochondrial systems require molecular oxygen. 

Substrate Specificities of Soluble and Mitochondrial Enzyme 
Systems—The ability of the two enzyme systems to accept 
various substrates was investigated as a possible means of 
distinguishing them from one another. The results are shown 
in Fig. 1.2 Of the compounds investigated, all those accepted 
by the soluble system are also accepted by the mitochondrial 
system, whereas those not accepted by the soluble system are 
not accepted by the mitochondrial system. This constitutes 
evidence of similarity between the two systems. 

Effect of Catalase on Soluble and Mitochondrial Enzyme Sys- 
tems—Since both systems are dependent on the presence of 
molecular oxygen, it becomes of interest to analyze the mecha- 
nism of oxidation involved. At first sight there would appear 
to be two possible means whereby the oxidation could be carried 
out: a direct involvement of oxygen in the oxidation of iodide 
ion, or an indirect process that involves enzymatic generation 
of hydrogen peroxide followed by oxidation of iodide through 
the agency of a peroxidase. There is evidence in the literature 
in support of the idea that the latter mechanism of oxidation 
occurs in the intact thyroid (10). 

In order to gain evidence as to whether hydrogen peroxide 
is involved in the formation of MIT by both the soluble and 
mitochondrial systems, the action of catalase on both systems 
was studied. The results (Fig. 2) show that as the concentration 
of catalase in the incubation medium is increased, there is a 
progressive inhibition of both systems; the soluble system is 
more sensitive, in this respect, than the mitochondrial system. 
The results reported here on the mitochondrial system conflict 
with the conclusion of Tong et al. (11) that utilization of iodide 
by this system is not depressed by catalase. However, an 
examination of their data shows that the incorporation of 
radioiodide into a protein-bound form is progressively diminished 
as the concentration of catalase is increased. It becomes less 
than half of the control values at a concentration of catalase 
of 0.5 mg. per 2 ml. of incubation solution. 

Effect of Added Hydrogen Peroride on Soluble Enzyme System— 
Although by far the most obvious mechanism whereby catalase 
could inhibit these systems is through the decomposition of 
hydrogen peroxide, it is also possible that the addition of com- 
paratively large amounts of a heme-containing protein could 
inhibit by some other means. For this reason, an attempt was 
made at a direct demonstration of the involvement of hydrogen 
peroxide in the soluble system. If the only function of molecular 
oxygen in the soluble system is to generate hydrogen peroxide, 
preparations inhibited by anaerobiosis should synthesize MIT 
if they are supplied with hydrogen peroxide from an external 
source. Experiments to show this dependence are complicated 
by the fact that sufficient concentrations of hydrogen peroxide 
will result in the nonenzymatic oxidation of iodide to iodine, 
and this will obscure any oxidation catalyzed by a peroxidase. 

Attempts to show a peroxidase-catalyzed reaction by tipping 
hydrogen peroxide solutions into preparations of the soluble 
system, which were contained in Warburg flasks under anaerobic 


During this investigation, the earlier work on the specificity 
of the soluble system (2) was repeated. One discrepancy was 
noted, namely that p-hydroxyphenylacetic acid was accepted by 
the soluble system. The previous claim that it was not accepted 
was found, upon inspection of the original data, to be based on 
an inadequately controlled experiment. 
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Fic. I. Radioautographs of chromatograms of mitochondrial 
preparations from beef thyroid tissue that had been incubated, 
with and without supplementation, for a period of 2 hours. The 
transverse line at the top of each chromatogram marks the solvent 
front. A; no supplement. The heavy spot at the origin is pro- 
tein-bound MIT, and the spot immediately above it is iodide 
ion. B; preparation supplemented with 2.4 X 10°? m tyrosine. 
The spot immediately in front of the iodine spot is free MIT. C; 
same as B except that the preparation was boiled before incuba- 
tion. D; supplemented with 24 X 10°* m p-hydroxycinnamic 
acid. This shows the marked inhibition of the formation of pro- 
tein-bound MIT that was characteristic of all substrates that 
were not accepted. 

The following substrates were accepted by both the soluble 
and mitochondrial systems with the formation of the corre 
sponding free monoiodo-derivatives: tyrosine, N-acetyltyrosine, 
p-hydroxyphenylacetic acid, o-tyrosine, and m-tyrosine. The 
following substances were not accepted by either system; phy 
droxycinnamic acid, p-cresol, phenol, p-aminobenzoic acid, and 
sulfanilamide. 


conditions, gave equivocal results. However, these conditions 
do not simulate very closely the performance of a peroxide- 
generating enzyme system. The enzyme system would generate 
hydrogen peroxide at a controlled rate, and this is quite different 
from the almost instantaneous rise to a peak value that would 
result by adding the peroxide from a side arm. A problem of 
exactly this type has been previously encountered. Keilin 
and Hartree (12) were able to show the peroxidatic function of 
catalase by generating hydrogen peroxide, enzymatically, in the 
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presence of catalase and an oxidizable substrate. However, 
attempts to show the peroxidatic action of catalase by adding 
preformed hydrogen peroxide were unsuccessful (12). Laser 
(13) finally solved this problem by allowing hydrogen peroxide 
to diffuse through a cellophane membrane into a solution of 
catalase and an oxidizable substrate. 

This diffusion technique, when applied to the soluble system, 
has provided data which show that hydrogen peroxide added 
externally can completely replace the function of oxygen in the 
soluble system (Fig. 3). 

Function of Cupric Ion in Peroride-Activated Anaerobic Sys- 
tem It is possible, through the use of the peroxide-activated 
anaerobic soluble system, to gain information on the function 
of copper in this system. The results shown in Table II establish 
that the soluble system, which is inhibited by anaerobiosis 
and functions on an external source of hydrogen peroxide, is still 
dependent upon the presence of cupric ion. This indicates that 
cupric ion is concerned with the processes beyond the point where 
hydrogen peroxide is generated, presumably such processes as 
the peroxidic oxidation of iodine or the substitution reaction 
involving tyrosine. 

Effect of Elemental Iodine on Soluble Enzyme System The 
demonstration that the synthesis of MIT in preparations of 
the soluble system is the result of the action of more than one 
enzyme opens the question as to whether or not the last reaction 
in the sequence, namely the iodination of tyrosine, is enzyme- 
catalyzed. Therefore, the behavior of the anaerobiosis-inhibited 
soluble system toward elemental iodine was investigated. If 
the last step in the sequence is a nonenzymatic reaction between 
elemental iodine and tyrosine, then the addition of elemental 
iodine to the soluble system under anaerobic conditions should 
result in a synthesis of MIT fully comparable to that observed 
under aerobic conditions. The addition of the iodine would 
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Fig. 2. Effect of catalase on the iodination performance of the 
soluble and mitochondrial systems. @—@; soluble system. O 
O; mitochondrial system. The incubation time for the soluble 
system preparations was 0.5 hour, and that for the mitochondrial 
system preparations was 2.0 hours. The source for the soluble 
system was rat submaxillary tissue, and the source for the mito- 
chondrial system was beef thyroid. 
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have to be carried out in such a manner that it simulated n- 
zymatic generation. Under these conditions there should be 
little difference between the iodination performance of normal 
preparations and boiled controls, inasmuch as no enzymatic 
catalysis of the substitution reaction is involved. A second 
possibility is that the last reaction in the sequence is an enzyme- 
catalyzed iodination of tyrosine involving elemental iodine. 
If this is so, the addition of elemental iodine, under conditions 
which simulate its peroxide generation, should also result in a 
synthesis of MIT comparable to that observed when the system 
operates under aerobic conditions. In this instance, however, 
there should be a marked difference between the iodination in 
normal preparations as compared to boiled controls, since an 
enzymatic catalysis of the iodination reaction would be involved. 
A third possibility is that the system may not accept iodine 
from an external source. This could happen if the reaction 
sequence is catalyzed by several enzymes bound in a structural 
unit. If this were so, then it is possible that the iodination 
process would have the property of accepting iodine only from 
an adjacent peroxidase. Another possibility is that the 
peroxidase does not produce elemental iodine but rather some 
stable form of positive iodine that is passed into solution and 
will function as an iodinating agent only in the presence of a 
specific enzyme. 

To investigate this matter, three different procedures were 
used to feed elemental iodine into the anaerobically-inhibited 
soluble system at a controlled rate: (a) iodine was volatilized 
into the system from a solution in the side arm of a Warburg 
flask, (b) it was allowed to diffuse into the enzyme solution 
through a cellophane membrane, and (c) it was generated within 
the system by electrolysis. The first two of these techniques 
suffer from the difficulty that they involve the addition of extra 
iodine into the system. This reduces the specific activity of 
the radioiodine used, and introduces difficulties into the measure- 
ment and interpretation of the observed conversions. Several 
experiments were conducted with use of both of these methods 
of adding iodine to boiled and unboiled preparations of the 
soluble system maintained under anaerobic conditions. At the 
upper limit of concentration of iodine dictated by the considera- 
tions of specific activity mentioned above, the iodination was 
less than 5 per cent of that observed in aerobic controls. In no 
instance was there an appreciable difference between the con- 
versions in the unboiled preparations as compared to those of 
the boiled controls. These results indicate that the soluble 
system will not accept iodine from an external source, at least 
under the limitations imposed by these addition techniques. 

The generation of iodine within the system by electrolytic 
means would appear to be the most promising technique. There 
is no dilution of the specific activity of the tracer, and the rate 
of generation is under excellent control. The results of several 
experiments of this type, which were conducted at different 
e.m.f. values applied to the electrolytic cell, are shown in Fig. 4. 
At potentials that are sufficient to oxidize iodine (1.5 v.), but 
are below that at which oxygen is liberated at the cathode (4.5 v.), 
there is very little synthesis of MIT. Further, this iodination 
is entirely the result of the spontaneous reaction of tyrosine 
with the iodine generated at the anode, since there is no differ- 
ence between boiled and unboiled preparations. The failure 
of the soluble system to accept electrolytically-generated iodine 
did not result from destruction of the enzyme by the process of 
electrolysis, because the enzyme system accepted the oxygen 
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Fic. 3. The reversal of the anaerobic inhibition of the soluble system with hydrogen peroxide. All experiments were conducted in 
the manner discussed under ‘‘Methods,”’ and the source of enzyme was rat submaxillary tissue. The numbers opposite each spot on 
the chromatograms indicate the percentage of the total I present on the chromatogram that is located at that spot. A; radioauto- 
graph of a chromatogram from an experiment with an unboiled preparation of enzyme and 0.01 u H., in the cellophane bag. The 
first spot above the origin is iodide ion, and the second is MIT. H; experiment is the same as in A except that a boiled preparation of 
enzyme was used. The «mall difference in the extent of the synthesis of MIT indicates that the major portion of the iodination in 
these two experiments is the result of nonenzymatic oxidation of iodine by H,O, followed by a nonenzymatic iodination of tyrosine 
by the resulting iodine. C; experiment is the same as in A except that 0.001 u H,O, was used in the cellophane bag. D: experiment 
is the same as in C except that boiled preparation of enzyme was used. The large difference between the extent of synthesis of MIT 
in C and D indicates that the over-all reaction in C is under the control of an enzyme. Further, the considerably greater synthesis 
of MIT in C as compared to A, despite the fact that the concentration of HA), supplied is only 0.10 that of A, indicates that the proc- 
exs of enzymatic iodination is much more efficient. E; experiment is the same as in A except that water was substituted for the H-, 
in the cellophane bag. This indicates that the inhibition of the system by anaerobiosis is almost complete. F; experiment is the same 
as in E except that aerobic conditions were reestablished after the addition of the tracer iodide. This establishes that the enzyme 
system was not inactivated by the extensive handling procedure, and a comparison of the extent of iodination in C and F indicates 
that the function of oxygen in this system can be completely replaced by II. O, 

Tasie II 


generated at the anode at higher potentials and formed MIT at 


a rate comparable to that observed in aerobic controls. There 
can be no doubt that this is due to enzymatic catalysis, since 
there is a great difference between the values given by unboiled 
preparations and boiled controls. 

The electrolysis experiments provide evidence that the iodina- 
tion step in these preparations is enzyme-catalyzed. If the 
last step in the reaction sequence was a nonenzymatic iodination 
of tyrosine by iodine liberated as the result of the action of 
peroxidase, one would expect that the reaction would proceed 
with equal facility with the iodine generated by electrolysis. 
The fact that it does not indicates that the iodination reaction 
is not spontaneous but is under some form of control. 

Comparison of Performance of Soluble System with that of 
Model System—To gain further evidence on the nature of the 
iodination step in the soluble system, its performance on a series 
of substrates was compared with the behaviour of the same sub- 
strates in a model system containing no tissue preparation. In 
the model system, iodine was generated by adding comparatively 
large amounts of hydrogen peroxide. The performance of the 
model system was sluggish at pH 7.4, and this resulted in low 
percentage conversions of iodine to MIT. For this reason all 


Effect of cupric ion on peroride-activated, 
anaerobic, soluble enzyme system 
These experiments were run under a 95 per cent N:-5 per cent 
CO, atmosphere in Warburg flasks. The hydrogen peroxide was 
supplied as 1 ml. of 0.001 u solution contained in a cellophane 
bag. 


conditions | Conversion of to MIT 
| * 

Complete system. | 21.9 
Complete system minus euprie ion 4.2 
Complete svstem, boiled preparation of 

enzyme | 1.9 
Complete aystem, 1 0. replaced by wa 


— 


experiments of the model system were run at pH 9.0 in order to 
increase the rate of reaction by raising the concentration of 
phenolate anion of the substrate in solution (14). In so far as 
the authors can ascertain, there ie no reason to believe that the 
mechanism of spontaneous iodination in aqueous solution is 


re 
ond | | 

⁊ F 


altered by a shift in pH from 7.4 to 9.0. The results in Table 
III reveal that the iodination proceeding in the soluble system 
shows a specificity that is not observed in the case of the model 


system. The substrates p-hydroxycinnamic acid, p-cresol and 
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PER CENT INCORPORATION OF “ INTO MIT 
1 


0 1 1 1 
6 
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APPLIED E. MF. 

Fic. 4. Inability of the soluble system to accept electrolyti- 
cally-generated iodine. The extent of iodination observed with 
unboiled preparations (@—@) and with boiled controls (O—O) is 
plotted against the e.m.f. applied to the electrolytic cell. Al- 
though there is extensive generation of iodine at 1.5 v., there is 
no difference between boiled and unboiled preparations until 
molecular oxygen is generated at the anode (4.5 v.). This estab- 
lishes the fact that the enzyme system cannot utilize externally - 
formed iodine, at least not under the conditions of this experi- 
ment. 


Taste III 
Comparison of reaction rates in enzymatic 
and nonenzymatic iodinations 

The enzymatic iodinations were carried out as described under 
Methods. The nonenzymatic iodinations were carried out 
at the same temperature (38°) and with the same substrate con- 
centration (2.4 X 10 * m) in 0.1 M borate buffer at pH 9. The 
borate buffer was 1.1 X 10-* M with respect to iodine ion, and it 
was 0.03 Mu with respect to H,O.. The iodination observed with 
each substrate is expressed as a percentage of the iodination ob- 

served with L-tyrosine under the same conditions. 


N-Acetyl-pL-tyrosine.___. 95 141 
p-Hydroxyphenylacetic 

p-Hydroxybenzoic acid 42 | 103 
p-Hydroxycinnamie acid 0 93 
p-Cresol........... 0 78 
| 0 46 
p-Aminobenzoie acid. 0 | 0* 
Sulfanilami de | 0 0* 


* The reason these substrates were not iodinated in the non- 
enzymatic system is very probably that the amino groups re- 
duced the added H-, 
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Tassie IV 


Effect of carbon monoride on soluble 
and mitochondrial enzyme systems 


Gas mixture 
System used ight conditions 
N: co 07 CO: 
% | % | % | % % 
Soluble 95 1 Light 25.5 
system 95 5 Dark 25.3 
95 5 Light 26.4 
95 5 Dark 25.7 
Mitochon 95 5 Light 36.9 
drial sys- | 100 Light 12.8 
tem 95 5 Dark 27.5 
95 | 5 ban 26.6 


— 


phenol, all of which would be predicted to show about the same 
order of reactivity toward elemental iodine, are not iodinated 
by the soluble system; however, their reactivity in the model 
system is of the order that would be predicted from organic 
chemical considerations. These data lend further support to 
the concept that the iodination reaction in the soluble system 
is enzyme-catalyzed. 

Effect of Carbon Monoride on Soluble and Mitochondrial 
Systems and on Thyroid Slices—Schachner et al. (8) observed, a 
number of years ago, that the organic binding process in sheep 
thyroid slices was inhibited by carbon monoxide and that this 
inhibition was relieved by light. This reversal of inhibition of 
carbon monoxide by light can be regarded as evidence that 
cytochrome oxidase is involved in the organic binding process 
(15), and it is, therefore, of interest to investigate the action of 
carbon monoxide on both the soluble and mitochondrial systems. 
It was immediately evident, from the results with the soluble 
system (Table IV), that the inhibition produced by 95 per cent 
CO and 5 per cent O, is no greater than that observed with 95 
per cent N. and 5 per cent O., i.e. the inhibiting action is pro- 
duced solely through dilution of oxygen which is essential to the 
system. As would be expected, in view of this, light has no 
effect on the inhibition. An investigation of the mitochondrial 
system showed that, in the dark, the inhibition observed with 
the carbon monoxide-oxygen mixture was no greater than that 
observed with the comparable nitrogen-oxygen mixture. Thus 
carbon monoxide has no specific inhibitory action on either the 
mitochondrial or soluble systems. In view of these results, 
the work of Schachner et al. (8) was repeated with the use of rat 
thyroid slices in place of sheep tissue, and paper chromatog- 
raphy for the separation and estimation of radioiodine present 
in the various fractions at the end of the experiment. It was 
found that, as was the case with the soluble and mitochondrial 
systems, carbon monoxide showed no specific inhibitory action 
on the formation of organically-bound iodine and that light 
had no effect on the extent of inhibition observed. 

It should be kept in mind that cytochrome oxidase-dependent 
systems show wide variation in their degree of photosensitive 
inhibition by carbon monoxide (16). It is perhaps best to reserve 
judgment as to whether the cytochrome oxidase system is 
involved in the synthesis of organically-bound iodine in. the 
thyroid until the matter has been more thoroughly investigated. 
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SUMMARY 4. The soluble system is shown, by direct observation, to 

require hydrogen peroxide. 
|. The soluble monoiodotyrosine-synthesizing enzyme system 3. Evidence is presented concerning the site of action of 


is dependent, for its function, on a supply of molecular oxygen. cupric ion in the soluble system. 

2. The soluble and mitochondrial monoiodotyrosine-synthe- 6. The soluble system will not accept electrolytically-generated 
sizing systems have identical specificity patterns. elemental iodine, which indicates that the iodination step in 
a. Both syst * ively inhibited by i : the soluble system is under enzymatic control. A comparison 

OY MCTEASINE the performances of the soluble system and a nonenzymatic 
concentrations of the enzyme catalase, indicating that they model system on a series of substrates leads to the same conclu- 
involve the formation of hydrogen peroxide. sion. 
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Purification of Oxytocin and Vasopressin by Way 
of a Protein Complex 


Rocer Acuer,* ALBert Licut,t AND VINCENT ViIGNEAUDt 


From the Cornell University Medical College, Department of Biochemistry, New York, New York 
(Received for publication, February 21, 1958) 


In this laboratory we have previously employed, as a pre- 
liminary step in the isolation of oxytocin and vasopressin from 
posterior pituitary glands (1-3), the method introduced by 
Kamm et al. (4) for obtaining a fraction high in oxytocic activity 
and another high in pressor activity. Further purification 
involved the use of countercurrent distribution (1-3) and zone 
electrophoresis (3). We have recently observed in a chromato- 
graphic study of certain active fractions prepared according to 
Kamm that the contaminants behave mainly in the same man- 
ner as does peptide material (5). It may be recalled that 
posterior pituitary tissue has a high peptide content (6, 7), 
and this fact may explain some of the difficulties encountered 
in the isolation of oxytocin and vasopressin by our own (1-3) 
and other methods (8, 9). 

In 1940, Rosenfeld (10) concluded, from the results of sedi- 
mentation studies in the ultracentrifuge, that the pressor and 
oxytocic principles existed in untreated press-juice of the posterior 
lobe of the pituitary in the form either of a single large molecule 
or of two separate large molecules similar in their sedimentation 
properties. In 1942, van Dyke and his associates (11) reported 
the isolation under mild conditions of an apparently homogeneous 
protein from posterior pituitary lobes which had oxytocic and 
pressor activities in a ratio of approximately 1:1. Acher, 
Chauvet, and Olivry (12) reported in 1956 that the activities 
of the “van Dyke protein” are due to oxytocin and vasopressin 
which can be dissociated from the protein complex by counter- 
current distribution, TCA! precipitation, electrophoresis, or 
dialysis against dilute acid, but it cannot be dissociated from it 
by dialysis against water, ultrafiltration, or precipitation by 
sodium chloride. The possible biological significance of the 
complex has been discussed recently by van Dyke, Adamsons, 
and Engel (13) and by Acher and Fromageot (14). However, 
regardless of its biological role, it seemed possible that the 
protein complex might prove to be an effective tool in the isola- 
tion of oxytocin and vasopressin, particularly from small amounts 
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of glandular material. In fact, earlier exploratory work by 
Haselbach and Piguet (15) has shown that a protein complex 
can be used in conjunction with other techniques in order to 
obtain a partial purification of oxytocin. 

In the present investigation, a procedure was devised for the 
separation of oxytocin and vasopressin from the tissue material 
by way of a protein complex, presumably the van Dyke protein. 
This procedure, in conjunction with ion exchange chromatog- 
raphy, provides a convenient and rapid method for the isolation 
of vasopressin in highly purified form. The oxytocin thus 
obtained is less highly purified than the vasopressin, and is 
still contaminated with other components, but it should be 
suitable for further purification by countercurrent distribution. 
The method has been applied to dried powders of posterior 
pituitary glands from both beef and hog sources. 

In this procedure, sodium chloride is added to an extract of 
the posterior pituitary powder in order to precipitate the protein 
complex. This leaves a large fraction of the peptide contami- 
nants in solution. On dialysis of the protein fraction against 
water, the salts, amino acids, and free peptides are removed with 
very little loss of activity. The dissociation of oxytocin and 
vasopressin from the protein fraction is accomplished by treat- 
ment with TCA. The protein-free solution is then submitted 
to ion exchange chromatography by a continuous gradient 
technique (5). 


EXPERIMENTAL 


Methods and Materials—The pituitary powders were a gift 
from Parke, Davis and Co. An acetone-desiccated powder of 
the posterior pituitary glands of beef, with a potency of I unit 
per mg. on assay in the rat for pressor activity (16) and in the 
chicken for avian depressor activity (17), and a lyophilized 
powder of the posterior pituitary glands of hog, with a potency 
of 1.4 units per mg. in the same two activities, were used. At 
least two comparisons with the standard U. S. P'. preparation 
were made in the determination of biological activity for each 
sample during the fractionation, and additional assays were 
frequently performed. The course of the purification was 
followed by assay of cach sample for these two activities and by 
determination of the protein content of each sample by the Folin 
method, as modified by Lowry et al. (18). A 1 ml. sample was 
mixed with 5 ml. of Reagent C', and 0.5 ml. of Folin reagent 
was added after 10 minutes. The color was read 45 minutes 
later at 700 my in a Coleman junior spectrophotometer with 
matched tubes. The ion exchange chromatography Mus per- 
formed as described previously (5). 
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arginine vasopressin, and lysine vasopressin were tested for 
purity by paper with two solvent systems: 
(a) butanol-acetic acid-water (4:1:5), in which the Ry values 
were 0.11 for lysine vasopressin, 0.15 for arginine vasopressin, 
and 0.65 for oxytocin, and (6) butanol-acetic acid-pyridine- 
water (30:6:20:24), in which the Ry values were 0.26 for lysine 
vasopressin, 0.29 for arginine vasopressin, and 0.87 for oxytocin. 
Descending paper chromatography was found to give satis- 
factory results. When the ascending procedure was attempted 
with the solvent system in (a) very little movement resulted, 
and the major part of the sample remained at the origin. Detec- 
tion of oxytocin and vasopressin on paper was made by the use 
of the bromophenol blue-mercuric chloride reagent (19). 

Extraction and Precipitation of Protein Fraction—5 gm. of 
posterior pituitary powder are extracted, essentially 
to the method of van Dyke et al. (11), with 100 ml. of 0.01 & 
sulfuric acid in the cold (5°) for 18 hours with continuous mixing 
by a magnetic stirrer. After centrifugation (2500 r.p.m. for 
20 min. at 5°), the residue is reextracted for 6 hours with 75 ml. 
of 0.01 & sulfuric acid. The extract is centrifuged and the two 
supernatant solutions are combined. The total yield of the two 
activities is 80 to 90 per cent. The final volume is about 160 
ml., and the pH is adjusted to 4 with 1 & sulfuric acid before 
the precipitation of the protein fraction with sodium chloride. 

In experiments in which the maximal yield is of paramount 
importance, a larger volume for the extraction step is preferable. 
However, an increased volume in the extraction results in a 
greater loss of activity because of solubility losses in the sub- 
sequent precipitation of the proteins by sodium chloride. This 
difficulty may be overcome by using acetic acid for the extrac- 
tion, lyophilizing the extract, and then dissolving the dried 
material in the desired volume of solvent. In a typical experi- 
ment, 30 volumes of 0.25 per cent acetic acid are used for the 
extraction of the acetone powder, with stirring for 18 hours 
in the cold. After centrifugation, the residue is reextracted 
with the same volume of acid for 6 to 8 hours. At least 90 per 
cent of the activity in beef powder is extracted by this procedure. 
Lyophilization of the combined extracts vields a powder which 
can be stored in vacuo in the cold until needed. The lyophilized 
powder is dissolved in sufficient 0.25 per cent acetic acid to give 
a concentration of 30 units of activity per ml. (pH 4.1). 

The precipitation of the active protein complex occurs on the 
addition of 10 gm. of sodium chloride to 100 ml. of extract. 
The mixture is kept in the cold for a minimum of 3 hours and 
the precipitate is collected by centrifugation. The supernatant 
solution contains about 60 per cent of the initial material positive 
to Folin reagent and only 12 per cent of the two activities. It 
is discarded. The salts, amino acids, and free peptides are 
removed from the precipitate by dialysis against 200 ml. of 
water after the precipitate is suspended in a minimal volume 
of water (about 10 ml.) necessary to transfer it to cellophane 
tubing. After dialysis against several changes of water, the 
contents of the sack are washed out with 0.25 per cent acetic 
acid, and then centrifuged in order to remove a small amount 
of inactive precipitate. In the dialysis step, about 5 per cent 
of the activity and about 3 per cent of the Folin color are lost. 
After centrifugation the solution (at pH 3.5 to 4) contains 35 
to 45 per cent of the initial material (Folin color) and about 70 
to 80 per cent of the two activities of the extract. This solution 
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can be lyophilized and the material stored in vacuo at 5° for 
later use. 

After the initial extraction of the posterior pituitary powder, 
an aliquot of the extract taken to dryness contains 2.5 units 
per mg. of both pressor and avian depressor activities. After 
to 10 units per mg. 

Dissociation of Oxytocin and Vasopressin from Protein Com- 
plex The amber-colored solution obtained after dialysis of the 
protein complex (90 to 130 units of both avian depressor and 
pressor activities per ml., pH 4) is brought to a final concentra- 
tion of 10 per cent TCA by addition of the appropriate volume 
of 100 per cent acid (grams per volume). After the suspension is 
stirred for 5 minutes in the cold, the precipitate is removed by 
centrifugation. A low recovery of activity results unless the 
precipitate is thoroughly washed. For this purpose the pre- 
cipitate is suspended in 25 ml. of 0.25 per cent acetic acid and 
stirred for 10 minutes, in which time a small fraction of the 
precipitate dissolves. Sufficient TCA (100 per cent) is then 
added to this partial suspension in order to give a final concentra- 
tion of 10 percent TCA. After centrifugation, both the addition 
of 0.25 per cent acetic acid to the precipitate and treatment with 
TCA are repeated. For removal of the TCA, the combined 
supernatant solutions are added to the anion exchange resin, 
Amberlite IR-45, in the acetate form (3 gm. of air-dried resin 
per 5 ml. of 10 per cent TCA solution), and the mixture is 
stirred until the pH rises to about 3.9. Filtration with a Buch- 
ner funnel is followed by repeated washings of the resin with 
water (the volume of water is equal to the volume of the super- 
natant fluid from the TCA precipitation). The yield of the 
activities is 75 to 90 per cent in this step, and about 90 per cent 
of the Folin-reactive substances are removed. The stability 
of oxytocin and vasopressin in TCA is sufficient to prevent 
any loss of activity during this treatment. 

Separation of Oxytocin and Vasopressin by Ion Exchange 
Chromatography—A column of Amberlite IRC-50 (XE-64) is 
capable of separating oxytocin from vasopressin by means of a 
gradient elution technique (5). The solution of the peptides is 
added to a column of the resin in the H“ form. Under these 
conditions, the peptides are strongly bound to the resin, and 
they remain at the top of the column. In this manner, the solu- 
tion of the peptides is concentrated on the resin. A buffer 
of 0.1 M ammonium acetate, pH 5.0, is run through the column 
until the effluent is at the same pH as the buffer; approximately 
80 ml. is required. No activity is lost during the addition of 
the sample and in the subsequent equilibration. A gradient of 
pH and ionic strength is started, in a 50 ml. mixing flask con- 
taining the 0.1 u buffer, by gradual introduction of a solution 
of 0.5 M ammonium acetate, pH 7.7. The effluent fractions 
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are examined With the Feagen na «the peaks are testec 
for biological activity. In the chromatography of a sample 
from hog glands, oxytocin and lysine vasopressin give satis- 
factory sharp peaks. When a sample is studied from beef 
glands, the higher isoelectric point of arginine vasopressin 
requires a change of the gradient buffer to 0.75 u ammonium 
acetate, pH 7.7, after the emergence of oxytocin. The procedure 
and results for the chromatography of oxytocin and arginine | 
vasopressin in a sample from beef posterior pituitary powder 
are summarised in Fig. 1, and the data obtained in a similar 
experiment starting with a sample derived from hog posterior 
pituitary powder are shown in Fig. 2. 


<{0.1 M pH5.0->0.5M pH 7. 7)>+{—-0.75 M pH7.7}—> 
Fic. 1. Separation of oxytocin from arginine vasopressin on 
Amberlite IRC-50 (XE-64) with a 0.9 X 9 cm. column. The 
solution of the hormones (1350 pressor units and 1100 avian de- 
pressor units) was added to the column of the resin in the H* 


form. The flow rate was about 10 ml. per hour. The column was 
washed with 80 ml. of 0.1 M ammonium acetate buffer, at pH 5.0, 
when the pH of the effluent reached 5.0. A gradient of pH and 
ionic strength was started by introducing 0.5 M ammonium acetate 
buffer, at pH 7.7, into a 50 ml. mixing flask containing the 0.1 
mM buffer. After passage of 150 ml. of eluent, the incoming buffer in 
the mixing flask was changed to 0.75 mM ammonium acetate, pH 
7.7. The volume per fraction was 1 ml. The contents of every 
third tube were analyzed with the Folin reagent. The variation 
of pH in the effluent fractions is recorded in the upper part of the 
graph. , Folin color at 700 my; Q, units of oxytocic activity 
per ml. of oxytocin fractions, assayed by the method of Coon 
(17); O, units of oe meee activity (16) per ml. of vasopressin 
fractions. 
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Fic. 2. Separation of oxytocin from lysine vasopressin on 
Amberlite IRC-50 (XE-64) with a 0.9 X 10 cm. column. The 
sample added to the column contained 2000 pressor units and 
1000 avian depressor units. The procedure and conditions were 
the same as those described for separation of oxytocin from 
arginine vasopressin (Fig. 1), except that the elution was per- 
formed with only the 0.5 m ammonium acetate buffer as influent 
to the mixing flask. The Folin determination was performed on 

0.5 ml. aliquots from every third tube diluted with 0.5 ml. of 
water. The variation of pH in the effluent fractions is recorded 
in the upper part of the graph. @, Folin color at 700 ma; Q, 
units of oxytocic activity per ml. of oxytocin fractions; O, units 
of vasopressor activity per ml. of vasopressin fractions. 


Tests for Homogeneity of Isolated Fractions—In our previous 
work on the ion exchange chromatography of pituitary fractions, 
it was shown that the ammonium acetate buffer can be removed 
by lyophilization (5). However, time can be saved by desalting 
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the fractions on an ion exchange column. Contents of the tubes 
representing a peak are combined, and the solution is added to a 
column (0.9 x 10 cm.) of Amberlite IRC-50 in the H“ form. 
After the contents are adsorbed, the column is washed with 
20 to 30 column volumes of 0.25 per cent acetic acid until the 
effluent is ninhydrin-negative. The column is washed with 
water, and the peptides are then quantitatively eluted with a 
30 per cent pyridine-4 per cent acetic acid solution (20). Dis- 
placement of the sample occurs over a pH range of approximately 
5.0 to 5.7. The pH of the solution is adjusted to 4 with 6 * 
acetic acid, and the buffer is readily removed by lyophilization. 
A quantitative recovery of activity is obtained. 

A sample of arginine vasopressin (10 mg.) was obtained from 
the ion exchange separation of a preparation derived from a 
fractionation of beef acetone powder as described. In regard to 
the agreement of the curves for Folin color and for biological 
activity of the arginine vasopressin peak, as exemplified in 
Fig. 1, it appeared that the column separation yielded directly a 
highly purified sample which could possibly be a single com- 
ponent. As the result of assays for pressor activity, it was 
estimated that the specific activity was approximately 350 to 
400 units per mg. In paper chromatography by the descending 
method with butanol-acetic acid-water (4:1:5) as the system, 
a single spot was found with the same N. as another highly 
purified sample of arginine vasopressin obtained by a procedure 
involving countercurrent distribution and zone electrophoresis. 
Amino acid analysis by chromatography on the starch column 
gave the composition expected for arginine vasopressin. Upon 
chromatography of the sample on Amberlite IRC-50 by the 
elution technique with a buffer of 0.65 m ammonium acetate 
of pH 6.3 and a column of 0.5 X 18 em., it was shown that a 
very small peak preceded a major peak emerging in 8 hold-up 
volumes (Fig. 3). The agreement between the curves for Folin 
color and pressor activity for the vasopressin indicated that 
the peak represented a single component. With regard to 
the size of the first peak, the sample can be considered to be 
about 95 per cent pure when it is obtained from the preparative 
column (Fig. 1). 

Another sample of arginine vasopressin obtained in a similar 
manner was examined by paper electrophoresis (pH 5.6 pyridine 
acetate buffer, 200 volts, 2 ma., 16.5 hours) and paper chromatog- 
raphy (butanol-acetic acid-water (4:1:5)). This particular 
sample appeared to be a single component by these criteria. In 


1 
VASOPRESSOR ACTIVITY 


20 


FRACTION NUMBER 


Fic. 3. Chromatography of arginine vasopressin on Amberlite 
IRC-50 (XE-64) with a 0.5 Xx 18 cm. column. The sample was 
obtained from the separation shown in Fig. 1. The column was 
equilibrated with a 0.65 m ammonium acetate buffer, pH 6.3, 
and this buffer was also used for the elution. The volume per 
fraction was 0.4 ml. The contents of every third tube were 
analyzed with the Folin reagent. @, Folin color at 700 my; 
O, units of vasopressor activity per fraction. 
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addition, the expected amino acids were found to be present 
on paper chromatography of a hydrolysate of the sample. 

The lysine vasopressin obtained from the chromatographic 
separation shown in Fig. 2 appeared to be a single component, 
as evidenced by the coincidence of the curves for the Folin 
color and bioassay values for Fractions 160 to 220. On paper 
electrophoresis (pH 5.6 pyridine acetate buffer, 200 volts, 2 ma., 
16 hours), a single spot was obtained which had the same mobility 
as the spot from a highly purified sample of lysine vasopressin, 
obtained as reported previously (5). Upon paper chromatog- 
raphy with the butanol-acetic acid system, the sample showed 
an Ny value identical to that of another sample of lysine vaso- 
pressin, but, in addition, a faint spot at the origin was observed. 
Amino acid analysis gave the correct composition for lysine 
vasopressin, plus a trace of alanine. 

The oxytocin obtained from the column separation of the 
hormones from the beef powder was found to have undergone 
considerable purification, but it was still contaminated with 
other components. Amino acid analysis showed that the 
eight amino acids of oxytocin were present together with traces of 
several other amino acids. Paper electrophoresis at pH 5.6 
(pyridine acetate buffer, 200 volts, 2 ma., 18 hours) showed a 
spot with the same mobility as oxytocin and also a component 
which remained at the starting position. It would be expected 
that further purification of the oxytocin could readily be ob- 
tained by countercurrent distribution. 


DISCUSSION 


By taking advantage of the association of oxytocin and 
vasopressin in the “van Dyke protein,” it has been possible to 
separate and purify the hormones initially as a protein fraction. 
Table I indicates the degree of purification that was obtained in 
a number of experiments starting with the posterior pituitary 
powder of beef glands. Similar results were obtained in ex- 
periments starting with the posterior pituitary powder of hog 
glands. The ratio of Folin color to biological activity of the 
initial extract is reduced from 1000 to 400 after precipitation of 
the protein complex. In this step a large fraction of the con- 
taminating peptides is removed. The procedures involved in 
arriving at this step are simple and can be performed quite 
rapidly; of major importance is the yield (70 per cent), which 
is high and quite satisfactory. The protein fraction is then 
treated with TCA in order to effect the dissociation of oxytocin 
and vasopressin. In removing the TCA from the solution of the 
hormones by means of the anion exchange resin, Amberlite 
IR-45, acidic peptide impurities would also be eliminated. After 
removal of the protein fraction, the Folin color drops to 5 per 
cent of the initial value, and the ratio of Folin color to biological 
activity is 0.10 of the original value. The active components 
of this solution can be stored in the lyophilized state for future 
Use. 

In the present work, primary consideration was given to the 
development of a procedure that can be used to study the oxyto- 
cin and vasopressin of pituitaries from species in which the 
starting material is scarce. The isolation work was performed 
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Tasie I 
Purification of orytocin and vasopressin from 
posterior pituitary powder of beef glands 
Biological activity 
Step Folin Ratio of Folin color 
color | | Overall biological activity* 
per step yield 
% % % 
Extraction............. 100 | 85-90 | 85-90 1000 
Precipitation of pro- 
tein complex and di- 
. 35-40 | 70-80 | 60-70 400 
After removal of the 
„ 5 | 75-90 | 45-63 100 
Separation by chroma- 20 (oxytocin) ; 
tography............ 70-90 | 30-55 10 (vasopres- 
sin) 


* The ratio of Folin color to biological activity is expressed as 
the quotient of optical density units X 1000 divided by the aver- 
age value in units for the activity of the same aliquot. 


on relatively small batches of beef or hog pituitary powder. The 
purity of the preparations of oxytocin and vasopressin was 
judged by their behavior on ion exchange chromatography and, 
where possible, by other criteria. It was apparent that the 
separation, under the conditions reported, yielded vasopressin 
in a highly purified state. This was true of preparations derived 
from beef or hog glands. On the other hand, it was found that 
the oxytocin was not completely separated from other contami- 
nants. 


A scheme for the isolation of oxytocin and vasopressin is 
reported, starting with the dried powder of the posterior pituitary 
of beef or hog glands. After extraction of the powder under 
mild conditions, addition of sodium chloride results in the pre- 
cipitation of a protein complex containing oxytocin and vaso- 
pressin, thus bringing about the separation of the hormones 
from a large fraction of soluble peptides. The oxytocin and 
vasopressin are separated from the protein fraction by treatment 
with trichloroacetic acid. The solution of oxytocin and vaso- 
pressin is freed of trichloroacetic acid by means of the anion 
exchange resin, Amberlite IR-45. A column of the carboxylic 
acid resin, Amberlite IRC-50 (XE-64), is employed for the 
separation of oxytocin from vasopressin. The vasopressin 
thus obtained appears to be highly purified, whereas the oxyto- 
cin requires further purification. In general, the procedure is 
rapid, and affords high yields. 
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The serum trypsin inhibitor has been studied by many investi- 
gators since Lansteiner (1) associated it with the albumin fraction 
by salt fractionation as did Smith and Lindsley (2) by the electro- 
phoretie separation of serum. Both Christensen and MacLeod 
(3), and MacFarlane and Pilling (4), also associated the trypsin 
inhibitor with the albumin fraction but differentiated it from the 
plasmin inhibitor in the globulin fraction. Recently, Jacobsson 
(5), with block filter paper electrophoresis, described the presence 
of two trypsin inhibitors in serum. The larger fraction, which 
was associated with the a,-globulin, inhibited both trypsin and 
plasmin. Partial purification of these fractions has been tried 
frequently. Schmitz (6), using the method of Northrup and 
Kunitz (7) for isolation of the pancreatic trypsin inhibitor, 
reported a substance which inhibited crystalline trypsin stoichio- 
metrically. Duthie and Lorenz (8), using the method of Schmitz, 
obtained a yield of 0.02 per cent of the serum inhibitor. Pea- 
nasky and Laskowski (9) were unable to repeat this method. 
However, with ammonium sulfate fractionation, they reported 
the partial purification of the inhibitor with a 50-fold purifica- 
tion and a yield of 5 per cent. Further, they found that it was 
unstable at room temperature at pH values below 3.6, was 
precipitated by 2.5 per cent trichloroacetic acid, and was not 
dialyzable. Loomis et al. (10) reported the isolation of anti- 
fibrinolysin by ammonium sulfate fractionation but the effect 
on trypsin was not reported. 

Boman (11), with an ion exchange resin for separation of 
serum, described a method which seemed applicable to separation 
of the serum trypsin inhibitor. The following study is based 
on this method. 

MATERIALS AND METHODS 


Trypsin Inhibition—Tryptar (Armour & Co., Lots 53409, 
51011, and 55512) was used throughout. A modification of the 
assay method of Kunitz (12) with 2 per cent casein substrate 
was used. This provided a reproducible method with a coeffi- 
cient of variation of 5.17 per cent when repeated on the same 
serum over a period of 1 week with different lots of trypsin and 
casein. Inhibitor values were expressed as micrograms of soy- 

Soybean Trypsin Inhibitor—Soybean inhibitor (Nutritional 
Biochemicals Corporation) which is crystallized five times was 
used throughout for standardization. 

Serum—Blood was obtained from women in labor since such 
patients have high levels of inhibitor (8). The blood was allowed 
to clot and the serum was removed and frozen until used. 


* This work was supported by a grant from the American Heart 
Association and the section of Allergy and Infectious Disease: of 
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Casein—Borden’s vitamin-free casein (The Borden Company) 
was prepared in a 10 per cent stock solution in 0.07 u NaOH 
and heated in a boiling water bath for 30 minutes. The final 
pH was adjusted to 7.6 with 0.1 u KH. PO, and 0.15 u NaCl. 
The stock solution was frozen and diluted to 4 per cent when 
used. 

Anion Exchange Resin—Dowex 2-X, 200 to 400 mesh (Dow 
Chemical Co., Lot 3902-33) was used. The resin was used re- 
peatedly for fractionation. After a run, the resin was removed 
from the glass column, washed twice with 250 ml. of 1 & NaCl 
to remove any serum contamination and then regenerated with 
two washings of 250 ml. of 1 N HCl. The column of resin was 
prepared as described by Boman (11), and measured 30 X 2.5 


cm. 

Buffer—Tris' (Matheson Co., Inc., Lot 390271) was recrystal- 
lized in 100 per cent alcohol. A stock solution of 1.0 M concentra- 
tion in water was made and the pH adjusted with 3 & HCl to 
pH 7.2 at 25°. Appropriate dilutions were made with distilled 
waiter and used as the eluent. 

Fractionation of Serum—Whole serum was fractionated by 
precipitation by 40 per cent saturation with ammonium sul- 
fate. The precipitate was centrifuged off and the supernatant 
fluid dialyzed against running tap water for 12 hours. The 
prepared anion exchange resin column was then equilibrated 
with 0.06 M Tris. Equilibrat ion usually took 5 to 8 hours at 5° 
and required about 500 ml. of buffer. 8 ml. of serum were then 
placed on the column and developed through with three dilutions 
of Tris buffer, a flow rate of 1 ml. per minute at a temperature of 
5° being maintained. The concentrations of buffer used were, in 
order, 0.06, 0.2, and 1.0 u. The eluate was collected in 12 ml. 
fractions and the optical density was then read on the Beckman 
ultraviolet spectrophotometer at 280 my in | em. silica cells 
against the eluate of buffers of corresponding concentration from 
a blank column. Protein nitrogen was determined by a micro- 
Kjeldahl method. 

Paper is—The method of Jencks et al. (13) was 
used for the identification of the fractions, with a barbital buffer 
at pH 8.6 and 0.075 Mu ionic strength. 


RESULTS 


The fractionation of a sample of serum from a pregnant woman 
in labor is shown in Fig. 1, in which the protein (optical density 
at 280 my) and the inhibitor activity of each fraction is recorded. 
Most of the protein is removed with 0.06 u Tris. That fraction 
removed with 0.2 u Tris contained a high concentration of inhi- 
bitor. 

The subsequent yield and enrichment of these fractions is 

The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane buffer. 
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Fic. 1. Fractionation of serum from pregnant woman on an 
anion exchange column. The trypsin inhibition was concentrated 
in eluate Fractions 16 and 17 developed with 0.2 u Tris. 


Fractionation of the trypsin inhibitor from human 
serum on an ton exchange resin 


| Inhib- Pro | Inhib- 
Materiat | Vol | Inhib- | itor | Total | tein 
ml! 26. % mi. me | „ 
Serum 4.211470 6189 100 83.2 350.3100 17.7 10 
Serum | | 
fraction 8.0 581 4648 75.124.2 193.6 55.3 24.01.4 
Eluate (be- | | | | | | 
fore dial- 
ysis) | | 
Fraction 16. 14.0 57 800 12.9 
Fraction 17 11.9 169 2011 32.5 | 
Fraction 18 11.0 27.8 306 4.9 eee 
Eluate (after | | 
dialysis) | | | | 
Fraction 16 13.4 46.6624 10.1 0.284 3.80 1.08 161.2 9.3 
Fraction 17 11.2 | 140.21570 | 25.4 0.648 7.262.07 126 12.2 
Fraction 18 11.4 11.420. 9 2.1 0.437 4.981.3— 26.1 1.5 


recorded in Table I. The total yield was 50.3 per cent before 
and 37.6 per cent after dialyzing against water to remove the 
Tris buffer. 

In order to identify the fraction containing the inhibitor, 
Eluates 16 and 17 were pooled and paper electrophoresis was 
performed (Fig. 2). When compared to normal serum it ap- 
peared that the fraction was composed of the a-globulin with 
a trace amount of albumin. 

Effect of Temperature on the Inhibitor—To determine the heat 
stability of the isolated inhibitor fraction, 0.6 ml. of the fraction 
at a pH of 7.6 was placed in a water bath at 56°. After 10, 20, 
30, and 60 minutes, 0.1 ml. was removed, diluted 1:25 and 1:50, 
and the activity of the inhibitor was determined in the usual 
way. For a control, 0.15 ml. was placed in a water bath at 37° 
for 1 hour, and the activity was then determined. The results 
are shown in Table II. The fraction used is not heat stable and 
is almost completely inactivated at 56° for 1 hour. 
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Fic. 2. Paper electrophoresis of human serum. Left strip: 
Human serum from a woman in her ninth month of pregnancy. 
Middle strip: Fraction contained in eluate from anion exchange 
resin with added normal serum albumin (human), concentrated 
(E. R. Squibb and Sons, Lot 464-2). Right strip: Fraction con- 
tained in eluate from anion exchange resin which has trypsin 
inhibitory activity. 


Effect of pll on the Inhibitor To determine whether the 
activity of the partially isolated inhibitor is altered by changes 
in pH, phosphate buffers were made up as listed in Table III. 
The fraction used for testing contained 106 yg. per ml. An 
aliquot of 0.5 ml. of the fraction was added to 0.5 ml. of buffer. 
This dilution was allowed to stand at room temperature for | 
hour. The activity of the fraction was then determined after 
adjustment of the pH to 7.6 with 2.5 ml. of buffer. The results 
are listed in Table III. It is evident that the activity is reduced 
when the pH falls below 5. 

Trypsin Inhibition The serum trypsin inhibitor inhibits 
trypsin in a stoichiometric fashion (14). The partially purified 
inhibitor reacts in a similar fashion, as shown in Fig. 3. 

In this study the combining ratio, by weight, of the trypsin to 
the partially purified inhibitor varied between 1:3.8 at 20 per 
cent inhibition to 1:3.4 at 80 per cent inhibition. A simul. 
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Tant II 
Effect of temperature on the partially purified inhibitor 
Control represents undiluted fraction left at 37° for 1 hour. 
The other determinations were made after placing the inhibitor 
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Tast III 


Effect of pH on the activity of the isolated inhibitor 


The fraction was allowed to stand at room temperatures for 1 
hour at pH varying from 4.2 to 8.99. The activity was then 


in a water bath at 56° and then measuring the residual activity determined at 37° and a pH of 7.6. Reduction of activity occurs 
at 37°. at a low pH. 
Time Activity of inhibitor pH Activity of inhibitor 

6/81. 
Control (37° for 1 hr.)............. 762 4.2 63 
Control (37° for 1 hr.).............. 782 4.5 85 
Control (37° for 1 hr.).............. 750 5.01 104 
487 5.50 105 
nnn 527 5.59 106 
367 6.50 106 
Z 366 7.00 108 
eee 189 7.80 107 
Z 194 8.02 106 
62 8.55 106 
61 8.99 106 
taneous study of trypsin and soybean inhibitor had a combining & loo⸗ 
ratio of 1: 0.5. 200° 

Effect of Anions—To determine the effect of anions on the 800- 
activity of the partially purified inhibitor 0.01 and 0.005 = .700- 
concentrations of calcium chloride, magnesium chloride, and > .600- 
manganese chloride and 0.01 and 0.02 M concentrations of potas- 300. 
significantly altered from control values determined in the 300- 
phosphate buffer. 200- 

Effect of Other Enzymes—The a, inhibitor had no effect against 
serum plasmin activated by streptokinase or against hyal- -100- 
uronidase as measured by the turbidometric technique (15). PA 0 20 30 

DISCUSSION MICROGRAMS PARTIALLY PURIF 

* SERUM INHIBITOR /ML. 

n the techniques previously described for partial purification 


method of lowering the pH to levels which tend to inactivate 
the inhibitor. Peanasky and Laskowski (9) reported ammonium 
sulfate fractionation with a pH of 3.6 for a 12 hour period. 
Havakawa (16) studied the effect of pH on the antitryptic activity 
and stated that the loss of activity of the inhibitor at a low pH 
was dependent upon the length of time it was used. Schmitz 
(6) not only employed acid but heated the fraction to 80°. 

The loss of activity of the inhibitor at high temperatures and 
at a low pH was subsequently confirmed, as shown under Ma- 
terial and Methods. This gives further reason to control care- 
fully the conditions for isolation. 

Attempts in this laboratory to repeat the salting out method 
(9) were unsuccessful and the failure was believed to be related 
to the pH changes. The anion exchange resin method of extrac- 
tion obviates these wide changes in pH. 

It is apparent from the work of Jacobsson (5) that there are 
two electrophoretic fractions in serum which inhibit trypsin. 
From the electrophoretic analysis in the study reported herein, 
only the a, fraction has been separated by the anion exchange 
method and this fraction failed to inhibit plasmin. Whenever 
trace amounts of the a;globulin were present, no antiplasmin 
activity could be demonstrated. 

Since the calculated values of yield and enrichment are based 
upon total trypsin inhibition, such data are inaccurate in view of 


tryptic hydrolysate of casein measured at 
a linear function of the amount of inhibitor 
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2 
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a report by Shulman (17), who employed a differential titration, 
that 10 per cent of the trypsin inhibition of serum is due to plas- 
min inhibitor. Serum from pregnant women was used for frac- 
tionation in this study because of its high inhibitor titer but the 
ratio of the a, to a; inhibitor in such serum is not known. Ja- 
cobsson (5) states that in all patients studied, with the excep- 
tion of the nephrotic, an increase in the trypsin inhibition was 
due almost entirely to an increase of the a,-trypsin inhibitor. 
Therefore, it is likely that the yield may be somewhat higher 
than recorded. Peanasky and Laskowski (9) described a 5 per 
cent yield. Jacobeson (5) reported between 71 and 93 per cent 
recovery of total inhibitory activity from the eluted fractions 
from the paper electrophoretic technique. 

Serum trypsin inhibitor has been shown by several investi- 
gators (5, 14, 18) to react stoichiometrically with trypsin. The 
serum inhibitor after fractionation described herein reacted in a 
similar fashion. 

There was little change in the combining ratio of the trypsin 
and inhibitor between 20 and 80 per cent inhibition despite the 
absence of calcium ion. Viswanatha and Liener (19) have 
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demonstrated the stabilizing effect of calcium ion on the com- 
bining ratio when the inhibitor and substrate are preincubated. 
However, in the method used in this study, the enzyme was 
kept at pH 3.5 until combined with the inhibitor at pH 7.6 and 
then added to the substrate. At a pH of 3.5 the inactivation of 
trypsin does not occur (20), and the addition of calcium in borate 
buffer did not produce significant changes in the ratio of inhibi- 
tor to trypsin. 

The physiological importance of this serum inhibitor is un- 
known. However, the serum level is elevated in most inflam- 
matory states, in pregnancy, and after the administration of 
cortisone (21). Ungar and Damgaard (22) have described the 
presence of a proteolytic enzyme in tissues following an allergic 
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Therefore, the inhibitor may represent a mechanism of defense 
against tissue destruction or may be a product of it. However, 
the partial purification of the inhibitor will permit further studies 
on its physiological function. 
SUMMARY 

A method is described for the partial purification of the serum 
trypsin inhibitor using an ion exchange resin. There was a 37 
per cent yield and a 12-fold enrichment. The material was 
shown to be an a@-globulin, to react stoichiometrically with 
trypsin, to be heat labile, and to be partially inactivated at a pH 
below 5. 
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The Metabolism of Histidine 


III. URINARY METABOLITES* 


Ropert C. BatprivGe anp Cuaries D. 


From the Department of Physiological Chemistry, Temple University School of Medicine, Philadelphia, Pennsylvania 
(Received for publication, January 29, 1958) 


Although the major route of catabolism of histidine in various 
species has been described as that which involves the formation 
of urocanic acid (2), evidence has accumulated that this amino 
acid is degraded by alternate metabolic pathways (3-5). 

In our laboratory, as part of other experiments, histidine was 
administered to rats and the urine obtained was examined by 
paper chromatography. Upon spraying the chromatograms 
with diazotized sulfanilic acid and sodium carbonate solutions, 
several orange and red spots appeared in addition to those due 
to histidine and urocanic acid. Efforts were made to identify 
the compounds responsible for this observation in the hope that 
the information gained might be of value in the elucidation of 
the various routes of degradation of histidine in the animal 


organism. 
As a result of these studies, imidazolepyruvic, i 
imidazolelactic, and — 
urocanic acid have been indentified as urinary metabolites of 


histidine 
EXPERIMENTAL AND RESULTS 


Six male white rats were fed portions of a purified (20 per cent 
casein) diet similar to that described previously (6). A second 
group of five rats was fed the same diet from which riboflavin 
was omitted. After the 4th week of dietary control 1 gm. 
of sulfasuxidine was added per 100 gm. of food. 

Histidine hydrochloride monohydrate was dissolved in water, 
and sufficient sodium carbonate was added to bring the pH to 
7.0. The slurry obtained was ground with acacia and water was 
added to make a suspension which contained 200 mg. of histidine 
calculated as the free base per ml. During the 6th week, por- 
tions of 1 to 2 ml. of this suspension were administered by stom- 
ach tube to each rat to provide 2 mg. of histidine per gm. of body 
weight. 

The rats were placed in metabolism cages and urine was col- 
lected at 24 and 48 hour intervals in tubes that contained small 
amounts of chloroform-saturated water and toluene. Aliquots 


* Part of the material in this paper was taken from a thesis 
submitted by Charles D. Tourtellotte to Temple University 
School of Medicine in partial fulfillment of the requirements for 
the degree of Master of Science in Physiological Chemistry. A 
report of this work was made at the meeting of the Federation of 
American Societies for Experimental Biology, San Francisco, 
April 1955 (1). Supported in part by a grant from the National 
Institutes of Health, United States Public Health Service, Grant 
No. A 650,M & N. 

Present address, Department of Internal Medicine, Univer- 
sity Hospital, University of Michigan, Ann Arbor, Michigan. 


of 10 to 20 yl. of urine were placed on sheets of filter paper and 
these were developed by two-dimensional ascending chromatog- 
raphy. The solvent mixture used for the first dimension con- 
sisted of n-butanol, benzene, methanol, and water (1:1:2:1 by 
volume); that for the second, n-butanol, glacial acetic acid, and 
water (77:6:17 by volume). After drying, the chromatograms 
were sprayed with “diazo reagent” (1 part cold sulfanilic acid 
solution (7) and 5 parts of cold 5 per cent sodium nitrite solution 
mixed immediately before use) and then with 5 per cent sodium 
carbonate solution. The spots which appeared were tentatively 
identified by comparison with those obtained with known com- 
pounds. 


The remainder of each urine sample was adjusted to pH 8.0 to 
8.5 (pHydrion paper) with saturated sodium carbonate solution. 
A solution of 25 per cent mercuric chloride in ethanol was added 
in slight excess to precipitate the imidazoles and the mixture was 
allowed to stand for 1 hour. After centrifugation the super- 
natant liquid was discarded, the precipitate was stirred with 
ml. of 0.5 * HCI, and water was added to make a total volume 
of about 2 ml. Hydrogen sulfide was then bubbled through the 
solution. The mercuric sulfide precipitate was removed by 
centrifuging, washed twice with 2 ml. portions of hot water, and 
the supernatant solution and washings were combined in an 
evaporating dish and taken to dryness over sodium hydroxide 
flakes in a vacuum desiccator. The residue obtained was dis- 
solved in I ml. of water and again reduced to dryness; this last 
step was repeated twice. Before the last evaporation, a few 
ul. of the solution were chromatographed as described above. 
No marked differences could be detected in the chromatograms 
so obtained from those prepared with urine before treatment 
with mercury salts. 

The residue of imidazoles was dissolved in | ml. of 1.5 * HCl 
and placed on a column (0.9 X 30 cm.) of Amberlite XE-69 ion 
exchange resin which had been equilibrated with 1.5 & HCl. 
The compounds were eluted with 1.5 * and later 2 N HCl. 4 
ml. fractions were collected with an automatic fraction collector. 
5 ul. aliquots from each tube were placed on filter paper, and, 
after drying, were sprayed with the “diazo reagent” and sodium 
carbonate as described above. The contents of the tubes which 
gave a positive color test by this procedure were placed in evap- 
orating dishes in a desiccator over sodium hydroxide flakes and 
evaporated to dryness under reduced pressure. A small amount 
of water was added and the dishes were again evaporated to 
dryness. This last step was repeated for a total of four times. 
The residues were then dissolved in a minimal amount of water 
and aliquots were applied to sheets of filter paper along with 
known compounds. The sheets were developed by one-dimen- 
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Chromatographic identification of urinary metabolites of histidine 
Imidazolelactic acid .......... 34-39 37-39 
Imidazoleacetic acid 45-56 44-49 
Imidazolepropionic acid....... 69-74 72-80 
Imidazolepyruvic acid ........ 90-99% § 
Urocanic acid................. 121-130 125-131 


* Rp values for synthetic compounds shown in parenthesis. 
t Solvent mixtures by volume: 
1 = n-butanol, benzene, methanol, water (1:1:2:1) 
25 = n-butanol, glacial acetic acid, water (77:6:17) 
12 = acetone, 0.5 per cent urea in water (6:4) 
19 = ¢-butanol, acetone, formic acid, water (160: 160: 1:39) 
18 = n-butanol, glacial acetic acid, water (4:1:1) 


t Apparent decomposition products from imidazolepyruvic acid noted in tubes 40 to 50. This was also noted with some urine sam- 


ples. 
§ No imidazolepyruvic acid noted in this sample. 


sional chromatography in five different solvent mixtures. Sol- 
vent mixtures used and results obtained with a typical sample 
are shown in Table I. A mixture of 10 mg. each of imidazolepy- 
vic, imidazolelactic, imidazoleacetic, imidazolepropionic, and 
urocanic acids and histidine was dissolved in 1.5 Nn HCI and placed 
on the column. Fractions were collected and treated as outlined 
above. The tube numbers of eluate which contained these com- 
pounds are also shown in Table I. 
tected in each urine sample examined by this procedure. Imidaz- 
olelactic and imidazolepropionic acid were found in all except 
one. No differences were noted between the urine from ribo- 
flavin-deficient animals and that from control rats. Two other 
mercury-precipitable, diazo-positive compounds were noted in 
most of the urine samples. One, which we have designated as 
compound “A” was present in the eluant preceding imidazole- 
acetic acid. The second, compound “B,” appeared following 
imidazoleacetic acid. These have not been further identified. 

When a mixture of known compounds was placed on the col- 
umn, it was observed that most of the imidazolepyruvic acid 
decomposed during passage through the resin. Decomposition 
products appeared in eluent fractions which contained, and in 
those which followed, imidazoleacetic acid. Many urine samples 
contained a substance which behaved similarly. 

In separate experiments, 2 mg. of histidine per gm. of body 
weight were administered to four rats as described above. Urine 
was collected in tubes which contained 4 per cent 2,4-dinitro- 
phenylhydrazine in 4 HCl. The material collected during the 
first 24 hour period after administration was centrifuged and the 
precipitate was extracted with hot ethyl acetate. After further 
extraction into sodium carbonate, acidification and re-extraction 
with ethyl acetate was essentially as described by Cavallini et al. 
(8), and aliquots of the final extract were applied to filter paper 
along with a synthetic sample of the 2 ,4-dinitrophenylhydrazone 
of imidazolepyruvic acid. 

Chromatograms were developed with the 3 solvent mixtures 


recommended by Block et al. (9) for the separation of 2,4- 
dinitrophenylhydrazones. In each case the Ry, values for the 
compound extracted from the urine were the same as those for 
the synthetic material. 

The sources of compounds used in this study are imidazole- 
lactic acid prepared by Drs. W. C. Rose and G. J. Cox according 
to the method of Friinkel (10), a gift to one of us (R. C. B.) 
through the late Dr. Howard B. Lewis; imidazolepyruvic acid 
prepared by the method of Pyman (11), a gift from Dr. Gustav 


from urine · 
2 | 15 19 
Ry Ry 
57) | .22 (.22) 06 (.05) 
.60) 35 (.35) 13 (.13) 
85) 80 (.49) 20 (.36) 
38) (.08) (.00) 
.75) | .51 (.50) | .68 (.67) 
HCl as eluting agent 
48) 11 (10) | 00 (.00) 
Mehler et al. (12), a gift from Dr. Alan H. Mehler; urocanic 
acid prepared by the straight deamination of histidine with 
an extract of Pseudomonas fluorescens (1, 13); imidazolepro- 
pionic acid prepared by catalytic (Raney nickel) hydrogenation 
of urocanic acid; 2,4-dinitrophenylhydrazone of imidaszole- 
pyruvic acid prepared essentially according to the directions of 
Stumpf and Green (14); and histidine hydrochloride monohy- 
drate purchased from Nutritional Biochemicals Corporation and 
recrystallized twice before use. 
DISCUSSION 
Imidazolelactic and imidazolepropionic acids have been de- 
scribed (15-17) as products of bacterial metabolism but appar- 
ently have not been detected previously in urine of mammalian 
species. Wolf et al. (3), after a preliminary account of the 
present work had been presented, reported the presence of 
considerable amounts of imidazoleacetic acid in the urine of 
rats following the administration of C-labeled p1t-histidine. 
However, much of this isolated compound could have been 
formed from the p- isomer fed to the rats. Their suggestion 
that imidaszolepyruvic acid is the likely precursor of much of 
the urinary imidasoleacetic acid is confirmed by the present finding 
of the keto acid in the urine of the rat following administration 
of t-histidine. Roche and associates (4, 5) have described 
the formation of imidasolepyruvie and imidazoleacetic acids as 
well as other imidazole derivatives by incubation of histidine 
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with extracts of the hepatopancreas of the mussel, Mytilus 
edulis. The latter workers have attested to the instability of 
the keto acid. 

It is possible that the compounds presently described were 
formed by intestinal bacteria, absorbed into the circulating blood 
and thence excreted in the urine. They were not formed solely 
as a result of the action of fecal bacteria which may have con- 
taminated the urine samples, however. Portions of uncontami- 
nated urine, obtained by exerting pressure on the abdomens of 
several rats which received histidine, were found by paper 
chromatography to contain the same pattern of metabolites as 


histidine to rats which had been given a variety of antibiotics 
known to alter, if not destroy, the normal intestinal flora (Nysta- 
tin, Neomycin, penicillin, and sulfasuxidine in various combina- 


tions). 

Subcutaneously administered imidazolelactic acid was shown 
by Celander and Berg (18) to be utilized for slow growth or 
maintenance of rats fed histidine-free diets. Urocanic acid 
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failed to support growth under such circumstances. Thus it 
seems unlikely that imidazolelactic acid is formed directly from 
urocanic acid by hydration of the double bond. No information 
is apparently available concerning the immediate precursor of 

acid, although the possibility of its formation 
by reduction of the double bond of urocanic acid could be simply 
tested with the isotopically labeled latter compound. Kraml 
and Bouthillier (19) found that only a very small part of C. 
following its administration to rats. They concluded that it is 
not a likely intermediate in the further degradation of urocanic 
acid. 

SUMMARY 


1. Procedures are described for the separation of several 
imidazole derivatives related to histidine by ion exchange and 


imidazolepropionic acids have been identified as 
urinary metabolites of histidine in the rat. 

3. Metabolic pathways for the formation of these compounds 
have been discussed. 


1. Bomba, R. C., ann Tourre.iorre, C. D., Federation 
Proc., 14, 176 (1955). 

2. Menter, A. H., ann H., J. Biol. Chem., 201. 775 
(1953). 

3. Wor, G., Wo, P. L., ann Hen, W. W., J. Biol. Chem., 223, 
150 (1956). 

4. N., Gtanx, P., Hevecaarp, J., Mancnon, P., ano 
Rocue, J., Biochim. et Biophys. Acta, 16. 87 (1954). 

5. Rocne, J., Granny, P., Mancnon, P., Compt. rend., 149, 
2077 (1955). 

6. Batponipes, R. C., J. Biol. Chem., 281, 207 (1958). 

7. Korssier, K. K., ann Hanae, M. T., J. Biol. Chem., 99, 
497 (1919). 

8. D., Frontau, N., ano Toscm, G., Nature, 164, 
792 (1949). 

9. Brock, R. J., LeSraance, R., AND Zweio, G., Paper chroma- 
tography, Academic Press, Inc., New York, 1952, p. 99. 


10. Fust, S., Monatsh. Chem., 24, 229 (1903). 

II. Pruax, F. L., J. Chem. Soc., 98, 1386 (1911). 

12. Menzer, A. H., Tasor, H., ann Baver, H., J. Biol. Chem., 
197, 475 (1952). 

13. Ton, H., ann Haratsut, O., J. Biol. Chem., 194, 171 (1952). 

14. Stumpr, P. K., ann Green, D. E., J. Biol. Chem., 168, 387 
(1944). 

15. Hanae, M. T., ann Koesster, K. K., J. Biol. Chem., 60. 
131 (1922). 

16. Ackermann, D., Z. physiol. Chem., 66, 504 (1910). 

17. Hinat, K., Acta. Schol. Med. Univ. Imp. Kioto, 3, 49 (1919). 

18. CLAN DAN, D. R., anv Bere, C. P., J. Biol. Chem., 203, 351 
(1953). 

19. Krami, M., ann Bovutnuitiuer, L. P., Canad. J. Biochem. 
and Physiol., 38, 500 1955). 


* 
05) 
13) 
30) 
00) 
.67) that observed by the usual procedure. A similar pattern of 

urinary metabolites was observed following administration of 
—— — 

— 

sam- 
REFERENCES 

1 
11 


Metabolism of Methionine and Pectin Esterification 
in a Plant Tissue“ 


Currrorp S. Sato, Ricnarp U. Brerrum,t Perer ALBERSHEIM, AND JAMES BONNER 
From the Kerckhoff Laboratories of Biology, California Institute of Technology, Pasadena, California 
(Received for publication, December 2, 1957) 


It is known that the methyl group of methionine serves as 
the source of the methyl ester groups of pectin and protopectin 
(1, 2). The methionine methyl group also functions in the 
synthesis of the methoxy! groups of lignin (3) and of the methyl 
groups of various plant alkaloids (4-6). Although the transfer 
of methyl from methionine to nitrogen in the synthesis of plant 
alkaloids thus resembles in principle the methyl transfers that 
have been studied so extensively in animal tissues by du Vigneaud 
(7), Borsook and Dubnoff (8), and Vignos and Cantoni (9), 
transfers of methyl to methoxyl and methyl ester groups by the 
plant are not yet recognized in animal biochemistry. It is of 
interest, therefore, to study these types of methyl transfers, 
since it is possible that elucidation of the mechanism by which 
they take place may clarify the whole question of the mechanism 
of methyl transfer. As a first step in the study of these matters, 
an investigation has been made of the pathways of metabolism 
of methionine by a plant tissue. 


The experimental tissue consisted of 5 mm. sections cut 3 mm. 
below the tip of oat seedlings grown as previously described (10). 
1 gm. of sections floating on 5 ml. of solution in a Petri dish, 
containing 25 ug. of indoleacetic acid, 90 g. of catalase, and 
the desired quantity of metabolite under study, was used for 
experiments in vivo. After 4 hours of incubation at room tem- 
perature in the dark room, the sections were rinsed with water 
and ground in a Potter-Elvehjem homogenizer. The homoge- 
nate was made 70 per cent with ethanol and filtered. The 
residue, washed with 95 per cent ethanol, was used for the iso- 
lation of pectic substances, and the combined filtrate and 
ethanol wash was used for the isolation of ethanol-soluble me- 
tabolites. 

For experiments in vitro, 1 gm. of sections was homogenized 
with 2 ml. of 0.1 M Tris! buffer at pH 6.95, and the homogenate 
was then incubated with 90 ug. of catalase and the desired 
amount of metabolite. After 1 hour at 30° in a constant tem- 
perature bath, the homogenate was made 70 per cent with 
ethanol and filtered, and the filtrate and residue were examined 
in the same way as in the experiments in vivo. 

In experiments in which pectin and protopectin were studied, 
these cell wall constituents were isolated by a modification of 
a procedure described by Kertesz (11). The residues from either 

from the Tobacco Industries Research Committee. 


1 The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 


of the types of experiments described above were distributed in 
40 ml. centrifuge tubes so that the contents of each tube repre- 
sented about 0.5 gm. of the original tissue; 20 ml. of water were 
added to each tube, and the mixture was extracted in a boiling 
water bath for 0.5 hour. The mixture was centrifuged, the 
supernatant fluid was poured off, and the residue was again 
extracted twice for 10 minutes with 10 ml. of water per tube. 
The water extracts were combined, concentrated under reduced 
pressure, and then transferred to a 12 ml. centrifuge tube. 

1 mg. of nonradioactive carrier, similar to the radioactive 
substrate, and water were added to the clear solution to make 
1 ml., which was then made 70 per cent with ethanol, and | drop 
(0.02 ml.) of 1 u HCl was added. This mixture was stirred 
and kept in an ice bath for about I hour. A precipitate formed 
which was centrifuged and washed three times with 95 per cent 
ethanol. This precipitate is that classically considered to be 
pectin. The residue after the isolation of pectin was next 
treated with 0.05 u HCl in order to extract the protopectin 
fraction which was isolated from the extract in the manner 
described for pectin. In studies in which the methyl ester 
groups of pectin and protopectin were hydrolyzed, solutions of 
the materials were made 6 M with NH, and allowed to stand at 
room temperature for 1 hour. 

For experiments with radioactive metabolites, L-methionine- 
methyl-C was obtained from the Isotopes Specialties Company, 
Inc., and t-methionine-S*® was purchased from the Abbott 
Laboratories. Paper chromatography revealed that radio- 
active methionine always contains a small percentage (about 
1.5 per cent) of methionine sulfoxide and a lesser quantity 
(about 0.1 per cent) of methionine sulfone. Labeled and non- 
pared from methionine according to the procedure of Roper 
and Mellwain (12). Sulfur- and methyl-labeled methionine 
methyl sulfonium salts, referred to hereafter as S-methylmethio- 
nine or simply as methylmethionine, were synthesized by the 
method of Floyd and Lavine (13). Catalase was obtained from 
the Armour Laboratories, Lot R500650-AD4. 

The isolated radioactive materials were counted with a 
micromil window gas flow Geiger-Miller tube (Nuclear-Chicago 
Corporation). Substances separated by paper chromatography 
were in some instances counted on the paper with a paper strip 
counter (Nuclear-Chicago Corporation). The radioactivities 
were then calculated from the areas under the curves as deter- 
mined with a polar planimeter (Keuffel & Esser Company, 
No. 4236M). In all experiments, the amount of labeled sub- 
strate used was arranged so as to supply a total of | x 10% or 
2 X 10° e. p. m. 
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Oridation of Methionine—Tissue of oat seedlings possesses the 
ability both in vivo and in vitro to convert methionine to methio- 
nine sulfoxide and to methionine sulfone. In typical experi- 
ments, summarized in Table I, homogenates converted 5.5 to 
78 per cent of 1.34 wmoles of methionine to the sulfoxide in 
1 hour. The methionine sulfoxide was characterized in the 
following way. Homogenates containing methionine as sub- 
strate were incubated for 1 hour and then extracted with 70 per 
cent ethanol. The extracts were chromatographed in lutidine- 
water (65:35). The band corresponding to methionine sulfoxide, 
determined by reference to authentic standards and by the 
S reagent (nitroprusside in aqueous methanol) of Toennies and 
Kolb (14), was eluted, and 100 mg. of authentic nonradioactive 
methionine sulfoxide were added as carrier. This material was 
crystallized several times, the sulfoxide being dissolved each time 
in water and precipitated by the addition of absolute ethanol. 
After two crystallizations, the specific activity of the isolated 
methionine sulfoxide remained unchanged upon further crystal- 
lization. Chromatography and cochromatography of the iso- 
lated material with authentic methionine sulfoxide in three 
solvents (butanol-acetic acid-water, 60:15:25; lutidine-water, 
65:35; and ethylacetate-acetic acid-water, 10:5:6) indicated the 
similarity of the two materials. The methionine sulfone was 
characterized by cochromatography with an authentic sample 
of the material. 
The conversion of methionine to its sulfoxide by oat tissue 
in vitro may be mediated by H,O,, since the reaction is sup- 
pressed to some extent by the addition of catalase to the system. 
The conversion of methionine to ita sulfoxide would appear to 
be irreversible, or essentially so, since, when radioactive methio- 
nine sulfoxide labeled either in the methyl carbon or in the 
sulfur atom was incubated in a homogenate, essentially no 
radioactive methionine could be detected in the incubation 
mixture. 
In intact oat sections in vivo, methionine was also found to 
be converted to its sulfoxide, the conversion amounting to about 
10 per cent of 1.34 wmoles of methionine in 4 hours. Roughly 


TABLE I 
Conversion of methionine to its sulfozide and sulfone and to 
S-methylmethionine by oat shoots* 
Intact tissue experiments Memagenste 
Substance Catalase added No catalase 
Catalase 
Ex- Ex. | 
— % % 
Methionine 40 13 33 16 92 68 
S-Methylmethio- 
<0.2 12 0.1 9.1 0.24 2 
Sulfoxide........... 4.4 3.2 3.53 3.4 5.5 7.8 
Sulfone............. <0.5 1.83 0.2 3.9 1.2 2.6 


* For experiments with intact sections, 1 gm. of tissue was 
incubated for 4 hours at 25° in 5 ml. of solution containing me- 
tabolite. For homogenate experiments, 1 gm. of 
tissue was incubated in 3 ml. of reaction mixture for 1 hour at 30°. 

Data expressed as per cent recovered of the methionine - Cie 


originally supplied (1.34 smoles, 1 X 10% c.p.m.). 
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one-half of the sulfoxide is found in the tissue, the remainder 
being in the external medium. The identity of the methionine 
sulfoxide in this case was determined by chromatography and 
cochromatography, with an authentic sample of methionine 
sulfoxide in the three solvents mentioned above. As noted 
above and in Table I, methionine sulfoxide appears in the ex- 
ternal medium in which oat sections are floated. Addition of 
catalase to the medium containing the sections decreased the 
formation of methionine sulfoxide in the external medium, but 
appears to have had no effect upon oxidation of methionine 
within the section. 

Formation of S-Methylmethionine—A further major product of 
methionine metabolism in oat tissue is S-methylmethionine. 
Thus, when methionine-methyl-C"“ was incubated with a ho- 
mogenate of oat sections for 1 hour, or when intact sections were 
incubated with this material for 4 hours, radioactive S-methyl- 
methionine could be isolated from the reaction mixture. This 
substance was characterized as follows: After the incubation 
period, the sections were homogenized in absolute ethanol to 
yield a homogenate 70 per cent in ethanol. This was centrifuged, 
and the residue was washed twice with 95 per cent ethanol. 
The combined 70 per cent ethanol extract and the 95 per cent 
ethanol washings were concentrated in vacuo to about 1 ml. 
and chromatographed in lutidine-water. The band correspond- 
ing to S-methylmethionine was eluted and again chromato- 
graphed in butanol-acetic acid- water. The band corresponding 
to & methylmethionine was again eluted, and 100 mg. of synthetic 
nonradioactive authentic S-methylmethionine were added as 
carrier. I ml. of a saturated solution of phosphotungstic acid was 
introduced to precipitate the methylmethionine. The phospho- 
tungstate was then dissolved in 95 per cent acetone in water, 
and methylmethionine bromide was recovered by the procedure 
of Floyd and Lavine (13). The bromide was crystallized several 
times by solution in water and precipitation with ethanol. The 
specific activity of the product remained constant after the first 
crystallization. Paper chromatography in three solvents 
(butanol-acetic acid-water, 60:15:25; lutidine-water, 65:35; 
and ethylacetate-acetic acid-water, 10:5:6) indicated identity of 
the radioactivity of the isolated material with authentic S- 
methylmethionine. In typical experiments, as summarized in 
Table I, about 9 to 12 per cent of the radioactivity of the original 
methionine supplied was recovered from the system as S-methyl- 
methionine. 

A similar procedure was used for identification of the methyl- 
methionine formed in oat section homogenates incubated with 
methionine-methyl-C 0. With such homogenates, however, the 
yield of methylmethionine was lower than with intact sections, 
typically about 0.2 to 2 per cent, the higher yields being obtained 
in the absence of catalase. 

As might be expected, methionine-S® is converted by oat 
section tissue to S-methylmethionine, both in vivo and in vitro. 
In these instances also, the methylmethionine formed was 
identified by chromatography and cochromatography with 
authentic material in a variety of solvents. 

Methionine Sulforide as Methylating Agent—The experiments 
to be summarized below show that methionine sulfoxide can act 
as a methyl donor. Thus the methyl group of methionine 
sulfoxide-methyl-C™ can be used by the tissue for the methyl 
esterification of pectin and protopectin just as has already been 
shown to be the case for methionine itself (1, 2). Lmethionine 
sulfoxide-methyl-C™ was incubated for 4 hours under conditions 
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TABLE II 
Utilization of methyl group for methyl esterification of pectin and 
protopectin by intact oat sections* 
Substrate Methionine Sulfoxide S. Methylmethionine 
c. m. c. m. c. m. c. 6. 
Pectin........ 14,600 | 7,980 3,460 1,290 3,740 2,780 
Protopectin...| 32,800 | 6,730 10, 100 1,830 | 3,290 990 


* Counts per minute recovered per 10° c.p.m. of substrate 
supplied per gm. of sections. 


similar to those of the methionine-methyl-C" experiments. 
Pectin and protopectin were isolated after incubation, as de- 
scribed above. The distribution of radioactivity in these cell 
wall fractions in a typical experiment is summarized in Tables II 
and III. It can be seen that methionine sulfoxide is about 
one-fourth and one-third as effective as methionine as a methyl- 
ating agent for pectin and protopectin, respectively. It is 
possible, however, that only one of the two optical isomers of 
the synthetic sulfoxide is biologically active. In the case of the 
next lower homologue of methionine sulfoxide, S-methyl-t- 
cysteine sulfoxide, only the (+)-isomer is of natural occurrence 
in the turnip root (15). If methionine sulfoxide behaves in an 
analogous manner, then the activity of the active isomer would 
be twice as great as that indicated for the synthetic mixture. 

Pectic materials are not known to contain sulfur. Nonethe- 
less, a detectable amount of radioactivity was found to be 
associated with the pectic fractions isolated from tissue which 
had been incubated with sulfur-labeled methionine or sulfur- 
labeled methionine sulfoxide. This activity was much less than 
that of similar material isolated from tissues incubated with 
methyl-labeled substrates. The way in which this sulfur is 
associated with the pectic fractions, or whether it is in fact asso- 
ciated with pectic material or with other substances in the 
fraction, is not known. The radioactivity is not removed by 
repeated washing in aqueous alcohol in which methionine sulf- 
oxide is soluble, and no major portion of it is removed by saponifi- 
cation with 6 M ammonia (Table III). 

That methionine sulfoxide can act as a methylating agent is 
evident too from experiments on the formation of S-methyl- 
methionine. These experiments, summarized in Table IV, 
show that in homogenates the methyl-C™ of the sulfoxide is as 
effective in the formation of S-methylmethionine as is the methy] 
group of methionine itself. In intact sections, on the other 
hand, the methyl group of the sulfoxide is only one-tenth as 
effective as that of methionine in the formation of methyl- 
methionine. The large difference in effectiveness of methionine 
and its sulfoxide in vivo may be due to at least three different 
factors: (a) Methionine-methyl-C“ can be methylated by a 
second similar molecule. Methionine sulfoxide-methyl-C", on 
the contrary, must use an unlabeled methionine as its methyl-C" 
acceptor. (b) The endogenous supply of methionine available 
to accept methyl-C" from the sulfoxide may be limited. (c) 
Only one of the two isomers of L-methionine sulſoxide-methyl- C 
may be biologically active. 

Unlike the methionine sulfoxide-methyl-C“, methionine 
sulfoxide-S does not participate significantly in the formation 
of S-methylmethionine, being about one-twentieth as effective 
as the methyl-labeled sulfoxide. The sulfur of methionine-S*, 
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TABLE III 
Association of S* of methionine-S* and methionine sulforide-S* 
with purified pectin and protopectin fractions of oat sections 


Substrate | Methionine Sulfoxide 
Cell wall fraction _—_| Incorporated | Saponifiable Incorporated | Saponifiable 
pm. pm. 6pm. 
835 226 449 97 
Protopectin 2,420 18 1,640 0 


Counts per minute recovered per 10* c.p.m. of substrate sup- 
plied per gm. of sections. 


TABLE IV 
Formation of methylmethionine by oat sections“ 
Methyimethionine formed? 
Substrate 
Homogenate In vive 
cpm. 
Methionine-C"H,............... 2,400 120,000 
Sulfoxide- HII. 5,000 12,000 
1,500 
Sulfoxide- 260 


* Catalase supplied throughout. Conditions of incubation, as 
in Table I. 
Counts per minute recovered per 10* c.p.m. of substrate sup- 


plied per gm. of sections. 


TABLE V 
Fate of methylmethionine in oat sections“ 
Material recovered 
Substrate 

Methionine 0.078 0 

Methylmethionine 40 10 
Sulfoxide 0.17 0.7 

Sulfone 0 0 

Methyl] methionine-S** Methionine 23 0 
Methylmethionine 23 0.8 
Sulfoxide 16 0.2 

Sulfone 0 0 


* Catalase added throughout. Conditions of incubation, as 
in Table I. Data expressed as per cent recovered of the methi- 
onine-C"* or methionine-S* originally supplied (1.34 moles, 
IX 10* e. p. m.). 


on the other hand, does participate in the formation of S-methyl- 
methionine. These results clearly indicate that methionine 
sulfoxide, although able to donate its methyl group to a suitable 
acceptor such as methionine, is unable to act as a methyl acceptor 
to form methylmethionine. 
Methylmethionine is, as might be expected, converted to a 
variety of related substances by oat sections. Table V sum- 
marizes data on this matter. When C-methyl-labeled methyl- 
methionine is supplied to such tissue in vivo, the methyl carbon 
is recovered principally as unchanged S-methylmethionine, and 
additional smaller amounts are recovered as methionine and its 
sulfoxide. The sulfur of S*-labeled methylmethionine is, how- 
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ever, recovered to a much larger extent as methionine and as the 
sulfoxide. The total recovery of the methyl group of methyl- 
labeled S-methylmethionine in the forms itemized in Table V is 
also less than the recovery of the sulfur of S*-labeled material. 
Evidently the methyl groups of S-methylmethionine are used in 
some reaction in which the sulfur does not participate. 
Methylmethionine as Methyl Donor—It can be seen from 
Table II that methylmethionine is only about one-fourth and 
one-tenth as active as methionine as a methyl donor to pectin 
and protopectin, respectively. However, in view of the large 
amount of methylmethionine synthesized within the oat section, 
the apparent inefficiency of methylmethionine as a methyl donor 
may be due to large pool size and the presence of only one labeled 
methyl group per molecule. In addition, although methionine 
sulfoxide resembles methionine as a methyl donor, transferring 
its methyl group more effectively to protopectin than to pectin, 
methylmethionine, on the contrary, yielded its methyl group 
equally to pectin and to protopectin. That methylmethionine 
differs from methionine as a methyl donor has also been shown 
by Stekol (16), who found that methylmethionine is as effective 
as methionine in the methylation of dimethylethanolamine and 
guanidinoacetic acid, but that it is less effective in the methyla- 


tion of homocysteine. 
DISCUSSION 


The present data concern the interconversion of methionine 
and related materials in oat shoots and the relative effectiveness 
of these as methyl donors in the formation of the ester groups of 
pectic substances. What we really wish to know, however, is 
the identity of the material which is responsible for this methyl 
esterification. Methionine itself, although an excellent methyl 
esterification agent in the present system, is not essential to the 
process, since methionine sulfoxide is also an effective donor and 
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is transformed to methionine to a negligible extent. Neither 
methionine sulfoxide nor S-methylmethionine, which is also 
active, is so effective in the methyl esterification function as 
methionine itself. The possibility that S-adenosylmethionine 
may function in the present system as in that of Vignos and 
Cantoni (9) has been investigated, both by looking for the com- 
pound as a native metabolite and by attempting to bring about 
its enzymatic formation. Neither approach has been successful. 
It has been impossible either to detect S-adenosylmethionine in 
oat shoots or to demonstrate its formation in riro or in homoge- 
nates. It has, however, been possible to demonstrate the 
enzymatic formation of S-methylmethionine. In this reaction, 
which consists of the methylation of methionine, methionine 
sulfoxide acts highly effectively as the methyl donor, although 
it is not able to function as the methyl acceptor. 


SUMMARY 

1. Oat sections, both in vivo and in vitro, oxidize methionine 
to its sulfoxide. This reaction is essentially nonreversible. 

2. Methionine sulfoxide donates its methyl group to pectin 
and to protopectin and approaches methionine in effectiveness 
in this respect. 

3. Methionine sulfoxide also yields its methyl group to 
methionine with the formation of methylmethionine. Methio- 
nine sulfoxide cannot, however, serve as a methyl acceptor in 
the formation of methylmethionine. 

4. S-methylmethionine acts as a methyl donor in the formation 
of pectin and protopectin. It is, however, less effective in this 
function than either methionine or methionine sulfoxide. 

5. Sulfur-labeled methionine and methionine sulfoxide were 
shown to be incorporated into the pectin and protopectin frac- 
tions. 
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Evidence that pyridoxal participates in amino acid concentra- 
tion by cells includes the following facts: (a) accumulation of a 
number of amino acids by Ehrlich mouse ascites tumor cells is 
stimulated ;' (b) tumor cells from vitamin B. deficient mice show 
decreased concentrative activity for glycine; and (c) tumor cells 
from vitamin B. deficient mice are stimulated by smaller amounts 
of added pyridoxal than are nondepleted cells (2). 

Unequivocal demonstration of the effects of pyridoxal on the 
transport of amino acids into a given tissue is complicated by the 
likelihood that changes in the pyridoxal supply will also change 
the rates of a variety of catabolic and anabolic reactions, thereby 
modifying distribution of amino acid. We have recently re- 
ported the use of a-methyl-substituted amino acids, incapable of 
being metabolized (3-5), as model substances that escape de- 
tectable metabolic alteration, at least in tracer doses (5). AIB* 
is the simplest of this class. 

In this paper evidence is presented that in vitamin B,-deficient 
rats the action of various tissues in concentrating C-labeled 
AIB is much weaker than in normal rats. An effect of body 
size upon the distribution of AIB in the nondepleted animal is 
also reported. 


EXPERIMENTAL 


Methods—Male albino rats of the Sprague-Dawley (Holtzman) 
strain were used. Control rats were maintained on a purified 
diet containing vitamin-free casein, 18 per cent; glucose, 73 
per cent; corn oil (Mazola, Corn Products Company), 4 per 
cent; salt mixture (Hubbell, Mendel, and Wakeman (6)), 4 per 
cent; cod liver oil, 1 per cent; and the following vitamins per 
100 gm. of diet: thiamine chloride, 0.4 mg.; riboflavin, 0.8 mg.; 
pyridoxine hydrochloride, 0.4 mg.; nicotinic acid, 4 mg.; calcium 
pantothenate, 2.5 mg.; and choline chloride, 100 mg. Vitamin 
B,-deficient rats were produced by being fed the same diet, 
except that the pyridoxine hydrochloride was omitted and, in 
some cases, 0.4 mg. of deoxypyridoxine hydrochloride per 100 
gm. of diet was added. The deficiency was confirmed by quan- 
titative measurement of xanthurenic acid excreted in the urine 


* Supported in part by a grant (No. C-2645(C2), principal 
investigator, H. N. Christensen) from the National Institutes of 
Health, United States Public Health Service, and by a grant 
from the Abbott Laboratories. A preliminary report of part of 
this work has already been published (1). 

1 Similar unpublished results have been obtained recently in 
our laboratory with the Gardner lymphosarcoma cells. 

* The abbreviation used is: AIB, a-aminoisobutyric acid. 


during the 24 hour period after the administration of 100 mg. of 


L-tryptophan by stomach tube (7). In each case the deficient 
animals excreted large quantities, as compared to negligible 
amounts by the controls 


The synthesis and use of AIB labeled with CM in the car- 
boxyl group has been described (5). In most experiments, I mg. 
of C. AIB per kilo of body weight (2.48 X 10* c.p.m. per mg.) 
was injected into the rats 39 hours before they were sacrificed. 
In each case the animal was fasted during approximately the 
last 15 hours. The rats were killed by decapitation, and blood 
from the neck was collected in an open tube, allowed to clot, 

separated by centrifugation at high speed for 15 minutes. 


on 

liver, heart, kidney, duodenum, and skeletal muscle 
from both hind legs were removed rapidly, blotted on filter 
paper, and freed of extraneous tissue. The methods used for 

tissue extracts and for counting were the same 
as before (5). Concentrations of radioactivity 
in liver, and skeletal muscle were calculated for intra- 
cellular water after they were corrected for the extracellular 
radioactivity; the calculations of Lowry and Hastings (8) were 
used for this purpose. Concentrations in the duodenum and 
kidney were calculated for total tissue water, which was taken 
as 77 per cent of the wet weight. Calculations of serum levels 
were based on a 94 per cent water content. The amount of 
radioactivity in each phase was taken to represent the con- 
centration of the AIB. 


were given 0.9 per cent sodium chloride in their drinking water. 
Customarily, they were used within 4 to 7 days after the opera- 
tion. In the majority of cases, measurements of blood glucose 
were made on blood taken from the tail just before the animal 
was killed. Since these animals had been fasted for 10 to 15 
hours at this time, the blood glucose level was used as the 
criterion of adrenal insufficiency. No rat was considered 
successfully adrenalectomized unless his fasting blood glucose 
level was below 80 mg. per cent, as determined by the Nelson 
method on Somogyi filtrates (9). In later experiments it was 
observed that the decrease in liver concentrations of AIB which 
occurred in the deficient rats was a more convenient criterion of 
adrenal insufficiency (see Results). In making the statistical 
analyses of the data, however, no values were discarded on this 
latter basis. 
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Bilateral adrenalectomy was performed under ether anesthesia 

from a single dorsal mid-line incision. Rats that had been 

operated upon were maintained on their usual purified diet and 
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RESULTS 


Distribution of AIB in Normal Nute The serum level of the 
radioactive amino acid produced by the standard dose rose as 
the rats increased in weight from 39 to 363 gm. (Fig. 1). This 
increase could be correlated just as significantly with age (cor- 
relation coefficient = 0.900 for the 29 rats). We have used 
weight as the basis of comparison, however, since the calcula- 
tions of dosage were based on body weight, regardless of age. 

The change in serum level that accompanies the increase in 
weight is a result of at least two factors: (a) decreased ability 
of the tissues to capture the amino acid, and (b) decreased 
elimination of the amino acid into the urine. Of these, the 
former appears to be the more important, although the total 
AIB lost into the urine during the 39 hour period also decreased 
significantly with increase in weight (Fig. 2). A decrease, with 
age, in both inulin and diodone clearances has been reported in 
human beings (10). 

The levels of AIB in all five tissues responded to changes in 
serum AIB, whether these serum changes were found in animals 
of different sizes receiving the same dose per unit weight or in 
rats of a uniform size receiving different doses. As the distribu- 
tion ratios between the radioactivity of tissue and serum de- 
creased with age, the level of AIB remaining in the serum nat- 
urally increased (illustrated in Fig. 3 for muscle). For heart and 
skeletal muscle, the best correlation was found between the dis- 
tribution ratio for the tissue and the serum level or body weight. 
The other three tissues showed better correlation if the tissue 
level, e.g. of liver (Fig. 4) was compared to serum. In all five 
tissues, however, a highly significant correlation coefficient was 
calculated when radioactivity of tissue was compared with that 
of serum (p < 0.01 or less, at 24 to 27 degrees of freedom, in each 
case). 


. PER ML. 


— CONTROL , 20.883 
© Bg-DEFICIENT 
a RECOVERY 


SERUM c. p. 


WEIGHT IN GRAMS 
Fic. 1. Variation of serum level of C-labeled AIB with in- 


creasing weight of rats; effect of vitamin B,-deficiency. 
regression line is for 29 normal rats given a dose of 1 mg. of 
labeled AIB per kilo of body weight, and was drawn from the 
calculated equation: serum counts per minute per ml. = 4.07 XK 
weight + 650. The value for the deficient rats is an average of 11 
animals weighing 81 gm., standard deviation +5 m. Recovery 
rats were deficient animals given I mg. of pyridoxine intraperitone- 
ally 39 hours before sacrifice. The average is for 9 animals weigh- 
ing 108 gm., standard deviation +8 gms. The bars represent 2 
times the standard error above and below each mean. 


The 
Cc. 


T. R. Riggs and L. M. Walker 133 


an 


URINE c. p. u. PER KILO. RAT 1 10-8 
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> 


200 
WEIGHT IN GRAMS 
Fic. 2. Variation of urinary excretion of C-labeled AIB in 
rats with increasing weight; effect of vitamin B,-deficiency (same 
animals as in Fig. 1). The regression line is drawn from the cal- 
culated equation: urine counts per minute per kilo = —2290 X 
weight + 864,800. 


MUSCLE DISTRIBUTION RATIO 
> 


SERUM C.P.M. PER ML. 
Fic. 3. Variation of distribution ratio of C-labeled AIB in 
skeletal muscle with the changes of serum level occurring with 
increasing weight of rat. The line is drawn from the calculated 


regression equation: muscle distribution ratio = —0.00155 X 
serum counts per minute per ml. + 5.80. The standard error for 
the line represents a muscle distribution ratio of +0.10, and the 
Se —0.797 (p = <«0.01 for 24 degrees of 
reedom). 


Rats averaging 80 gm. in weight had higher tissue levels at 
given serum values than did rats averaging 230 gm. (Table I 
and Fig. 5). Into rats of these weights were injected doses of 
AIB ranging from 0.7 to 2.0 mg. per kilo of body weight in order 
to give serum values over the range 900 to 2700 c.p.m. per ml. 
In all cases, at each of the two weights, the changes of tissue 
with serum levels showed a statistically significant correlation 
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of tissues to concentrate AIB, rats with weights that have been ‘ 
restricted nutritionally should show tissue levels corresponding 
to their age, making invalid the comparisons based on weight. 
This does not seem likely in view of the results obtained on : 

vitamin B,-deficient “recovery” rats that had been restricted : 

in weight by the deficiency but were given enough pyridoxine 

(1 mg.) simultaneously with the AIB to bring all values back 

to normal (see below). An independent test with calorie-re- N 

stricted rats gave similar results (Table II). In this latter 
experiment, rats were given restricted amounts of the complete d 
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SERUM C. P. M. PER ML. 

Fic. 4. Response of liver to increased serum concentrations of 
C-labeled AIB resulting from increasing weight of rats; effect 
of vitamin B.-deficiency. The line was drawn from the calculated 
regression equation for normal rats. The correlation coefficient 
was 0.744 (p = «0.01 for 25 degrees of freedom). The values for 
the vitamin B,-deficient rats and recovery rats were obtained 
on the same animals as in Fig. 1. 


TABLE I 
Changes in AJB levels in muscle, liver, kidney, heart, and duodenum, 
with changes in serum level resulting from varying doses 
to rats of uniform sizes 


* Tissue counts per minute per ml. + standard error of the 
mean, calculated at a serum value of 2000 c.p.m./ml., using equa- 
tions for the regression of tissue level on serum level. 

Distribution ratio = calculated cell concentration divided by 
the serum concentration. 


diet so that at the age of 167 days they averaged only 270 gm. 
in weight instead of the predicted 348 gm. (calculated from 
the found regression equation, log weight = —24.97/age + 
log 492 (see (11)). They then received by injection C-labeled 
AIB according to body weight. Their average serum level 39 
hours later was significantly lower than that for either 270 or 348 
gm. normal rats (p & 0.05 for either). Four of the tissues, 


SERUM C. P. M. PER ML. 

Fic. 5. Changes in C-labeled AIB in skeletal muscle in re- 
sponse to changes in serum levels. The two lines for normal rats 
were calculated from regression equations for 80 and 230 gm. rats; 
correlation data are given in Table I. The regression line for the 
vitamin B,-deficient animals was calculated from the correlation 
of muscle versus serum levels for 12 deficient rats averaging 80 
gm. in weight, standard deviation +18 gm. The correlation co- 
efficient was 0.617 (p = <0.05). Serum levels in each case varied 
over the range of the line drawn. The individual points are 
omitted for clarity. 


and skeletal muscle especially, concentrated the amino acid as 
well as, or better than, expected for 270 gm. rats at that serum 
level (1540 c. pm. per ml.). Only the heart showed a marked 
decrease because of age. 

The above results show that the amount of AIB present in a 
tissue depends upon both the weight of the rat and the level of 
the amino acid in the serum. This means that the effects of 
any given treatment on the tissue level of AIB can be measured 
only by comparison with the level expected for (a) the given 
weight, and (b) the given serum level. 

Alterations caused by Vitamin B, Deficiency—Serum levels of 
AIB in vitamin B. deficient rats were nearly twice as high as in 
normal rats (Fig. 1). Urinary excretion in 39 hours was about 
one-fifth of the normal (Fig. 2). AIB concentrations in skeletal 
muscle, kidney, heart, and duodenum were about the same as 
in rats of the same weight (81 gm.) with normal serum values 
(980 ¢.p.m. per ml.), but this actually represents deficient con- 
centrative activity, as can be shown in two ways. First, control 
rats weighing 80 gm. and receiving enough AIB to produce a 
serum level of 1710 c. p.m. per ml. (the level found in the de- 
ficient rats) had higher levels in these four tissues than did 
vitamin B,-deficient animals (Table III). This effect is shown 
especially well in Fig. 5, which compares the regression lines 
for changes in skeletal muscle AIB with changes in serum 
in the deficient versus the control rats. Second, normal ani- 
mals large enough to yield the same serum level (1710 e. pm. 
per ml.) with the standard AIB dose had higher tissue levels 
than did the deficient animals (last column of Table III). In 
each instance the change caused by the deficiency was highly 
significant statistically (p < 0.01). 

The increased serum levels in the deficient rats cannot be 
explained by the lower renal clearance of AIB. In normal rats, 
a total urinary excretion of 124,000 ¢.p.m. per kilo of body 
weight led to a serum level of 2080 ¢.p.m. per ml. (calculated 
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from the regression equation, serum ¢.p.m. per ml. = —0.0021 1710 c. pm. per ml. that was found. Furthermore, in the normal 
urine c.p.m. per kilo + 2340), instead of the actual value of rat any increase in the total body AIB is marked by increases 


Taste II 
Extent to which tissues from calorie-restricted (stunted) rats concentrate AIB 
Serum values are counts per minute per ml. All tissue values are given as distribution ratios between tissue water and serum wa- 


ter. 
Normal rats Normal rats 
Restricted rats“ Normal rats calculated at Normal rats calculated at 
serum = 1540 serum = 1540 
270 gm. 270 gm. 270 gm. gm. gm. 
Serum values 1340 + 107 1780 + 40t 1540 2070 + 407 1540 
Tissue values 
a 3.25 + 0.11 3.08 + 0.12 2.87 2.59 + 0.12 2.22 
D 7.02 + 0.79 8.038 + 0.51 5.93 7.90 + 0.43 4.99 
Kidney........... 31.1 +1.9 31.8 + 2.0 32.6 29.8 + 1.6 29.3 
ee 4.88 + 0.46 6.68 + 0.31 5.53 4.71 + 0.31 4.70 
Duodenum 11.67 + 0.69 13.97 + 0.73 12.15 13.38 + 0.61 10.56 


Average values + the standard error of the mean for six rats averaging 270 gm. in weight at age of 167 days. Normally, these 


rats would have weighed 348 gm. 
Counts per minute per ml. + standard error of the mean. 


Taste III 
Changes in serum and tissue levels of C-labeled AIB caused by vitamin B,-deficiency in rats 
All serum and tissue values are given as thousands of counts per minute per ml. of water + the standard error of the mean. Urine 
values are total counts per minute per kilo of body weight, and represent the total amount excreted during the 39 hours of the ex- 
periment. In all instances the changes attributable to the deficiency are statistically significant at well above the 99 per cent level 
(compare Column 2 with Column 4). 


Vitamin By-deficient rats Normal rats Normal rats at serum = 1710 Normal rats 
51 gm 11 gm. gm. 260 gm.t 

Serum values.................. 1.71 + 0.09 0.9 + 0.04 1.71 1.71 + 0.04 
Tissue values 

r 4.68 + 0.36 1.23 & 0.13 7. W + 0.44 5.10 + 0.13 

r 22.28 + 1.82 8.52 + 0.57 13.21 + 0.75 13.76 + 0.57 

F 40.15 & 4.83 41.07 & 2.17 69.54 + 4.01 54.83 + 2.17 

D 6.46 + 0.70 7.712 0.33 11.84 + 0.78 9.21 + 0.33 

Duodenum.................. 16.69 + 0.34 16.60 + 0.72 25.32 + 1.05 24.03 + 0.72 
Urine values 124 + 17.2 679 + 62.0 


* Average for 11 rats. 
t Calculated from regression data as in Figs. 2 and 4. 
: Calculated from regression data as in Table I. 


Taste IV 
Changes in liver levels of C-labeled AIB in vitamin B,-deficient rats after adrenalectomy and administration of hydrocortisone 
2 mg. of hydrocortisone per rat were injected subcutaneously 2 hours before sacrifice. Average weights of the groups are followed 
deviations; other averages are followed by the standard error of the mean. The normal values (Column 6) are for intact, 
untreated control rats of the same weight and same serum level as those found for the deficient groups. All changes in liver values 
as a result of adrenalectomy and treatment with hydrocortisone among deficient rats are statistically significant (p < 0.05). The 
liver level in adrenalectomized deficient rats is also statistically below normal. 


Vitamin Be-deficient rats Normal rats 
m 
15 107 + 12 1.71 + 0.10 21.48 + 1.65 13.83 
Adrenalectomized..................... 6 12442 5 1.72 + 0.22 10.36 + 0.90 13.66 + 0.30 
Adrenalectomized + hydrocortisone. . . 6 106 + 7 1.52 & 0.08 20.62 + 3.03 11.98 
Intact + hydrocortisone.............. 7 121 + 16 1.20 + 0.07 26.53 + 1.86 9.67 + 0.57“ 
»The calculated serum value for normal rats of this weight is 1140 + 40 counts per minute per ml. This liver value is calculated 


for that serum level. 
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TaBLe V 

Return to normal of tissue and serum levels of C-labeled AIB in 
vitamin B,-deficient rats upon administration of 1 mg. 
of pyridozine 
The pyridoxine was injected intraperitoneally 39 hours before 

sacrifice. All values are thousands of counts per minute per ml. 
of tissue water + the standard error of the mean. The figures 
for the recovery group (Column 2) are mean values for nine 
rats averaging 108 gm. in weight and 81 days old. Normal rats 
of this age weigh 242 gm. Urine “recovery’’ data are included 
in Fig. 2. 


rats + 1 mg. Normal rats“ 
pyridoxine 
108 gm. 242 gm. 
Serum values 1.09 + 0.06 1.09 + 0.04 1.63 + 0.40f 
Tissue values 
Muscle 5.05 + 0.32 4.38 & 0. 13 3.36 
Liver 9.39 + 0.77 9.31 + 0.57 | 4.96 
Kidney...... 41.23 + 3.21 | 43.15 + 2.17 | 40.77 
Heart...... 6.26 + 0.57 | 7.94 + 0.33 | 6.99 
Duodenum. 16.23 + 1.44 | 17.72 + 0.72 | 14.80 
* Calculated from regression equations for normal rats of this 
weight. 


t Serum level is for normal rats weighing 242 gm. The tissue 
values in this column are calculated for a serum level of 1090 
counts per minute per ml. for 242 gm. rats. All figures in this 
column are directly comparable with data in Column 2. 


in all sites rather than by disproportionate rises in the serum. 
In the liver of deficient rats, however, the uptake of AIB rose 
to 22,300 c.p.m. per ml., a figure well above that expected in 
normal response to the serum value found (Fig. 4, Table III). 
The results presented in Table IV show that this increase does 
not occur in the absence of the adrenal glands. Olsen and 
Martindale (12) have reported a statistically significant increase 
in the size of adrenal glands in vitamin B,-deficient rats. In 
the present experiments, when the vitamin B,-deficient rats 
were adrenalectomized the levels of radioactivity in the liver 
were brought below normal, to become consistent with the 
results for the other four tissues. Similarly, if adrenalectomized, 
deficient rats were given 2 mg. of hydrocortisone subcutaneously 
2 hours before sacrifice, the liver value was again high, equivalent 
to that found in deficient rats that were not operated upon or 
that underwent sham operations (Lines 1, 2, and 3 of Table IV). 
We reported earlier a similar increase in liver AIB in normal, 
intact rats in response to hydrocortisone (5). 

Intact, vitamin B. deficient rats given hydrocortisone showed 
an increase in liver AIB above that seen in the rats with un- 
complicated deficiency (Table IV). In the former case the 
serum level was returned to normal. Adrenalectomy also 
brought the AIB level in the heart to the normal range in the 
deficient rats, whereas administration of hydrocortisone to 
vitamin B,-deficient rats returned heart and skeletal muscle to 
the normal values in both the intact and the adrenalectomized 
animals. The other tissues were not affected appreciably. No 
changes in tissue, except for the liver, were shown in normal, 
hydrocortisone-treated rats (5). 

All of the above changes caused by the deficiency were ob- 
tained within the shortest interval of observation (about 10 
days) after the 50 gm. rats were placed on the deficient diet. 


Vitamin B. and Amino Acid Uptake 


Vol. 233, No. 1 
The changes did not increase in severity as the deficiency be- 


came more severe (up to 60 days). 

When 1 mg. of pyridoxine was injected into the deficient rats, 
all tissue, serum, and urine values returned to the normal range 
(Figs. 1, 2, and 4; Table V). The pyridoxine was administered 
intraperitoneally at the same time as the AIB, 39 hours before 
the animals were sacrificed. 

DISCUSSION 

Two findings in this work support evidence for a direct role 
of vitamin B. in the transport of AIB into cells: (a) the appear- 
— 
AIB after rats are placed on the deficient diet; and (6) the 
recovery of the normal range in each tissue after administration 
of a relatively small dose of pyridoxine 39 hours before sacrifice. 
The decrease in uptake by the liver, caused by the deficiency 
per se, is masked by an opposite effect attributed to catabolism- 
stimulating steroids of the adrenal cortex, so that this decrease 
becomes apparent only when the adrenal glands are removed. 
Hypothetically, the stimulation in vitro of amino acid concentra- 
tion by added pyridoxal, shown earlier (2), could be an artifact, 
produced by the aromatic aldehyde donating the amino acid to 
the real carrier; pyridoxal could function, for example, by strip- 
ping the proton from the amino group. The present results 
show, however, that vitamin B, in its normal metabolic distribu- 
tion is needed for normal amino acid transport in all five of the 
tissues examined. 

If we except the liver of the intact animals, the distribution 
of AIB in rats deprived of vitamin B, is much like that in older, 
well in Figs. 1 and 5 for serum and skeletal muscle levels. The 
increased serum values in the deficient rats doubtlessly arise 
from the same two factors that cause the increases in serum of 
normal rats as they become larger; both the slowed urinary loss 
and the decreased tissue uptake are more dramatic in the de- 
ficient animals. Aging cannot explain the alterations found in 
the deficiency, however. If age rather than weight determines 
the tissue and serum levels, the deficient animals would have to 
be 90 days old in order to give the serum level found and 135 
days old according to their muscle levels (calculated from the 
data and relationships given in the text). Actually, the average 
age was about 57 days. Even if one assumes that the increase 
in serum is caused by increased kidney retention, the tissue 
level (again using muscle as the example) is still characteristic 
of a rat 50 per cent older than is indicated by the serum (135 
days old versus 90 days old). In addition, the “recovery” 
group of animals showed tissue and serum levels (with the 
exception of heart) within the range of normal for rats of their 
actual weight (108 gm.) rather than for rats of their age (81 
days), which should have weighed 242 gm. This can be seen 
by a comparison of the serum and tissue values of this group 
with the normal values for both 108 and 242 gm. rats (Table V). 
The data obtained from studies of calorie restriction confirm 
these results. 

The fact that the tissue uptake of AIB in the normal animals 
decreases with increase in weight supports the hypothesis that 
the avidity of the tissues for amino acids is directly correlated 


with the tendency of the tissue to grow. Normally, the tendency 


of the rat to grow declines with body weight; animals in which 
growth has been restricted by a deficiency tend, on repletion, 
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to gain weight more in relation to their weight than to their age. 
The present findings support the hypothesis with which this 
program began (13): that growth acceleration is marked by 
disproportionately intensified transfer of amino acids into cells, 
so that the free amino acid levels are increased when, instead, 
depletion by accelerated synthesis of macromolecules would be 
expected. We add here another example to the list of as- 
sociations shown between protein-synthetic rates and levels of 
cellular amino acid (14-17). In the present case, the fact that 
AIB cannot be metabolized greatly narrows the possible ways 
in which the concentrating activity for amino acids is produced or 
modified. 
In normal rats, all of the five tissues examined showed highly 
—— responses to changes in serum levels of the CW. AlB. 
These changes have been calculated as linear over the range of 
serum values found. At the low levels of amino acid represented 
by the counts found in the serum (less than 0.01 mm), this type 
of relation seems likely, although, probably we should take the 
effective plasma amino acid level to be roughly constant at say 
3 mm, since the concentrati ve process scarcely distinguishes among 
the neutral amino acids. The data emphasize again the necessity 
of a comparison between the tissue level and the extracellular 
level (e.g. as the distribution ratio) in evaluating changes in 
the distribution of amino acids. 
SUMMARY 


The distribution of C-labeled a-aminoisobutyric acid (AIB) 
has been determined in normal and vitamin B,-deficient rats. 
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Because this amino acid behaves typically in its transport into 
cells, but is not subject to detectable permanent alteration in 
the body, it has been used as a model for isolating the amino 
acid transport process for study. The following results were 
obtained: 


1. In normal rats that received a constant dose per unit of 
body weight, the serum level of AIB at 39 hours increased as the 
animals became larger. The activity of the liver, kidney, 
duodenum, heart, and skeletal muscle in concentrating the 
amino acid decreased as the rats became larger. Results in 
undernourished rats suggest that weight, or perhaps growth, is 
more important than age in determining the tissue uptake, at 
least in short term experiments. 

2. A deficiency of vitamin B, resulted in a doubling of the 
serum concentration of AIB, along with a drop in the concentra- 
tive ability of kidney, duodenum, heart, and skeletal muscle. 
Urinary loss during a 39 hour period was reduced to about one- 
fifth of the normal. The level of AIB in the liver, in contrast, 
was increased well above that found in normal rats. This level 
was reduced to below normal by bilateral adrenalectomy, and 
was restored to the original high value in adrenalectomized de- 
ficient rats in 2 hours by a subcutaneous injection of 2 mg. of 
hydrocortisone. The elevated serum levels found in the de- 
ficient rats were attributed largely to the decrease in tissue 
avidity. 

3. All of the changes in distribution of AIB in the vitamin 
B. deſicient rats were restored to the normal range by a single 
intraperitoneal injection of 1 mg. of pyridoxine 39 hours before 
they were killed. 
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Biosynthesis of Guanosine 5-Phosphate 


I. XANTHOSINE 5’-PHOSPHATE AS AN INTERMEDIATE* 


Ur LAGERKVIST 


From the Chemical Department, Karolinska Institutet, Stockholm, Sweden 
(Received for publication, January 14, 1958) 


The work of Greenberg (1) and Buchanan et al. (2) has es- 
tablished inosine 5’-phosphate as a key intermediate in the 
biosynthesis of hypoxanthine in pigeon liver. The recent 
indication of the enzymic synthesis of adenosine 5’-phosphate 
from IMP' (3-5) shows a possible role of IMP as an intermediate 
in the biosynthesis of other purine nucleotides. 

In order to investigate the possibility of the enzymic forma- 
tion of guanosine nucleotides from IMP a study of the metab- 
olism of this substance in extracts of pigeon liver was carried 
out. It appeared probable that the introduction of an amino 
group in Position 2 of IMP would be preceded by an oxidation 
of this position to give a xanthine nucleotide. This hypothesis 
was further strengthened by the finding of Magasanik and 
Brooke (6) that a guanineless auxotroph of Aerobacter aerogenes 
accumulated xanthosine. 

When Cidlabeled IMP was incubated with a crude extract 
of pigeon liver in the presence of oxidized DPN a new C"*-labeled 
compound appeared that could be identified as XMP. Upon 
incubation of this substance with the crude extract together 
with adenosine triphosphate, Mg“ ions, and t-glutamine or 
L-glutamate, a compound identified as GMP was formed. Fur- 
ther experiments implicated t-glutamine rather than 1-gluta- 
mate as the amino group donor in the amination of XMP to 
GMP. These results are summarized in Scheme I. 


DPN Adenosine triphosphate | 
IMP ——~ XMP glutamine GMP 
Scneme I 


A preliminary report of these findings has appeared elsewhere 
(7). Independent of our work, Abrams and Bentley (8, 9) 
were able to show the saine reaction in extracts of rabbit bone 
marrow, and Gehring and Magasanik (10) and Magasanik 
et al. (11) partially purified an enzyme from A. aerogenes that 
catalyzed the oxidation of IMP to XMP. Moyed and Maga- 
sanik have later reported on the purification of an enzyme 
from this microorganism that aminates XMP to GMP with 
ammonia as amino group donor instead of t-glutamine (12). 


* This investigation has been sponsored by grants from the 
Swedish Medical Council. 

1 The abbreviations used are: AMP, adenosine 5’-phosphate; 
ATP, adenosine 5’-triphosphate ; DNA, deoxypentose nucleic acid; 
DPN, diphosphopyridine nucleotide; GMP, guanosine 5’-phos- 
phate; GTP, guanosine 5’-triphosphate; hexose-di-P, hexose di - 
phosphate; IMP, inosine 5’-phosphate; PNA, pentose nucleic 
acid; TPN, triphosphopyridine nucleotide; Tris, tris(hydroxy- 
methyl)aminomethane; UMP, uridine 5’-phosphate; and XMP, 
xanthosine 5’-phosphate. 


MATERIALS AND METHODS 


Reagents—4-Amino-5-imidazole carboxamide-HCl, AMP, ATP, 
DPN (90 per cent pure), and GMP were products of the 
Sigma Chemical Company, hexose-di-P, 3-phosphoglyceric acid 
and ribose 5-phosphate (barium salt) were obtained from Schwarz 
Laboratories, Inc., and pyridoxalphosphate (70 per cent pure) 
from Versatile Chemicals, Inc. Urea-C was purchased from 
the Radiochemical Centre, Amersham, England. 

IMP was prepared from AMP by enzymatic deaminatiun 
with AMP deaminase prepared from rabbit muscle according 
to Kalckar (13). IMP was crystallized as Ba-salt efter chro- 
matography on Dowex 2 with 2 x formic acid. 

IMP-2,8-C" was obtained by incubating of 
pigeon liver with formate-C™ as described by Greenberg (14). 
It was purified by chromatography on Dowex 2 with formic 
acid and crystallized as Ba-salt to constant radioactivity after 
addition of carrier IMP. 

XMP was obtained from GMP by deamination with nitrite 
(15). It was precipitated from the reaction mixture as Ba-salt, 
dissolved in dilute HCI and Ba** ions removed with Na SO, 
The crude XMP was purified by chromatography on Dowex 2 
with 2 x formic acid and finally precipitated as the Ba-salt. 

The mixed 2’- and 3’-isomers of XMP were obtained by 
deamination of the mixed 2’- and 3’-isomers of GMP (obtained 
from Dr. P. Reichard) as described above for the preparation 
of XMP. 

XMP-C"™ was in the first e ts obtained by the en- 
zymatic oxidation of IMP-C" but was later synthesized en- 
zymatically from xanthine-2-C" in the following way. An 
enzyme extract was prepared from 3 gm. of lyophilized Esch- 
erichia coli by homogenization in 50 ml. of 0.05 M phosphate 
buffer, pH 7.4, in a Potter homogenizer and vibration with 
0.25 mm. ballotini in a microid shaker for 2 hours. After re- 
moval of the ballotini by filtration the preparation was centri- 
fuged at 105,000 x g for 45 minutes. All operations were 
carried out at +2°. The supernatant solution was incubated 
at 37° for 30 minutes with 150 umoles of xanthine-2-C", 600 
umoles of ribose 5-phosphate, 50 umoles of ATP, 3000 moles 
of MgSO, and 3000 umoles of 3-phosphoglyceric acid. After 
deproteinization with HCIO., neutralization with KOH, and 
removal of KCIO, by centrifugation the XMP-2-C" was ob- 
tained by chromatography on Dowex 2 with formic acid. The 
yields of XMP calculated on xanthine varied considerably 
from 25 per cent down to about 5 per cent. Attempts to syn- 
thesize XMP from xanthine with extracts of pigeon liver or 
rat liver were unsuccessful. No attempts were made to study 
the ribotidation of xanthine in more detail. 
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Xanthine-2-C™ was synthesized by condensation of 4-amino- 
5-imidazole carboxamide-HCl with urea-C™ (16). 
f-amino-5-imidazole carboxamide-HCl were carefully mixed 
with 10 mg. of urea and heated at 175° in an oil bath for 2 hours. 
The hard lumps obtained were extracted with about 10 ml. of 
water as the pH was adjusted to 8 to 9 with alkali. After add- 
ing enough concentrated HCI to the extract to make it 0.5 N 
with respect to HCl, xanthine-C™ was purified by chromatog- 
raphy on Dowex 50 with 1 n HCI (17) and crystallized. The 
yield of xanthine calculated on urea was 60 per cent. 

Chromatographic Separation of Purine N ucleotides—Chroma- 
tography on Dowex 2 in formate form by gradient elution with 
formic acid and ammonium formate buffer according to Hurl- 
bert et al. (18) was used. 

Pentose was determined by the method of Mejbaum (19). 

Inorganic phosphate was determined according to Lowry 
and Lopez (20). 

Determinations of Ci were made in a Tracerlab windowless 
gasflow counter. The samples were plated on aluminum disks. 

Extracts of Pigeon Liver—Pigeon livers were removed and 
immediately cooled in ice. After being minced coarsely they were 
homogenized with 10 volumes of cold acetone (—10°) in a 
Waring Blendor, filtered, and the filter cake resuspended in 
cold acetone and homogenized again. The acetone powder 
was dried in vacuo after filtration. Acetone powder prepared 
in this way could be stored in the cold room at least 2 or 3 
months without loss of activity. Extracts were prepared by 
homogenizing the acetone powder with 10 to 15 volumes of 
0.05 M phosphate buffer, pH 7.4, in a Potter homogenizer. After 
stirring for about 1 hour the extract was centrifuged at 20,000 
x g for 15 minutes and the slightly turbid supernatant solu- 
tion dialyzed overnight against 0.01 u phosphate buffer, pH 
7.4. All operations were carried out at +2°. 


RESULTS 

Preliminary Experiments—When dialyzed extracts of pigeon 
liver prepared as described above were incubated with IMP- 
2. SC. ATP, hexose-di-P, DPN, nicotinamide, pyridoxalphos- 
phate, Laspartate, t-glutamate, t-glutamine, NH,Cl, and 
ions as described in Experiment 14 of Table I, two new radio- 
active compounds were obtained after chromatography of the 
deproteinized reaction mixture on Dowex 2 with formic acid. 
The first radioactive peak appeared in the position expected 
for GMP whereas the second was located between IMP and ADP 
in a position later shown to be occupied by XMP. The new 
compounds were found to be inseparable from authentic GMP 
and XMP respectively by chromatography on Dowex 2 with 
formic acid or ammonium formate buffer, pH 5.0. On acid 
hydrolyses they gave rise to compounds that behaved as gua- 
nine and xanthine respectively when subjected to chromatog- 
raphy on Dowex 50 with HCl. After adding a large excess of 
nonradioactive guanine or xanthine the radioactive hydrolysis 
products could be crystallized to constant radioactivity. On 
incubation with crude crotalus venom 5’-phosphatase the two 
compounds were completely dephosphorylated. They were 
therefore tentatively identified as GMP and XMP respectively. 
For a full identification of the compounds see below. 

Identification of the New Compounds as GMP and XMP— 
For the identification of the compound that was thought to be 
identical with GMP an extract was prepared from acetone pow- 
der of pigeon liver by extraction with 0.05 M Tris-buffer, pH 
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7.4. The extract was precipitated by saturation to 80 per 
cent with ammonium sulfate. The precipitate was dissolved 
in 0.05 m Tris-buffer, pH 7.4, and dialyzed overnight against 
100 volumes of 0.01 M Tris-buffer of the same pH. This enzyme 
preparation was incubated with XMP, ATP, L-glutamine and 
Mg“ ions in a Tris-buffer, pH 7.4, and the resulting compound 
isolated by chromatography on Dowex 2 with formic acid. The 
compound was found to have a light absorption maximum at 
256 my in 0.01 * HCl and on analyses guanine, ribose, and 
phosphate appeared in the molar ratio 1.08:1.03:1.00. On 
incubation with crude crotalus venom 5’-phosphatase it was 
— — dephosphorylated under conditions when only 

ble dephosphorylation of the mixed 2’- and 3’-isomers 
of guanylic acid occurred. 

To characterize the compound tentatively identified as XMP 
an enzyme extract prepared as described above was incubated 
with IMP, oxidized DPN and nicotinamide in a Tris buffer, 
pH 7.4. The resulting compound was purified by chromatog- 
raphy on Dowex 2 with formic acid, and after another chro- 
matography on Dowex 2 with formic acid it was found to have 
an absorption maximum at 263 my in 0.01 * HCl and to contain 
xanthine, ribose, and phosphate in the molar ratio 1.05:0.97 : 1.00. 
On incubation with crude crotalus venom 5’-phosphatase the 
compound was completely dephosphorylated although the 
mixed 2’- and 3’-isomers of xanthidylic acid were practically 
unaffected. 

Formation of XMP from 1M P—lIn order to investigate more 
closely the formation of XMP from IMP the experiments re- 
ported in Table I were carried out. 

The oxidation of IMP to XMP required oxidized DPN, and 


Tant 1 


The influence of ATP and DPN on formation 
of XMP and GMP from IMP 

In Experiments 14 to 16 a dialyzed extract of 500 mg. of pigeon 
liver acetone powder was incubated at 37° for 60 minutes with 1 
umole of IMP-2,8-C™ (450,000 c.p.m. per umole), 4 moles of 
ATP, 100 moles of hexose-di-P, 20 moles of DPN, 120 moles of 
nicotinamide, 150 ug. of pyridoxal phosphate, 120 umoles of L-as- 
partate, 240 umoles of L-glutamate, 60 wmoles of L-glutamine, 120 
amoles of ammonium chloride, 120 moles of MgSO, and 1000 
umoles of phosphate buffer, pH 7.4, with the modifications indi- 
cated in the table. The final volume was 20 ml. 

In Experiment 20 a dialyzed extract of 500 mg. of acetone pow- 
der was incubated at 37° for 60 minutes with 1 wmole of IMP-2,8- 
C™ (450,000 c. p. m. per smole), 20 wmoles of DPN, 120 umoles 
of nicotinamide and 1000 moles of phosphate buffer, pH 7.4, in 
a final volume of 15 ml. 

The reactions were stopped by heating for 3 minutes in a boil- 
ing water bath and the precipitating protein centrifuged off. 
The purine nucleotides were separated by chromatography on 
Dowex 2 according to Hurlbert et al. (18). IMP, XM, and GMP 
were determined by their radioactivity. 


Modifications of medium 
Experiment No. XMP formed | GMP formed 
DPN ATP 
Nicotinamide | Hexose-di-P 

pmoles pmoles 
14 + + 0.19 0.18 
15 — + 0.00 0.00 
16 + — 0.33 0.01 
20 0.44 0.01 


a 
* 
4 
4 
* 
* 
— 
4 
* 


140 Xanthosine 5'-Phosphate as Intermediate Vol. 233, No. 1 
Taste II 10 
The influence of ATP, ammonia and some amino acids on ami- = 
nation of XMP to GMP 


In Experiments 23 to 24 a dialyzed extract of 500 mg. of pigeon 
liver acetone powder was incubated at 37° for 60 minutes with 
0.36 wmoles of XMP-2-C* (220,000 c.p.m. per umole), 2 of 
ATP, 100 moles of 3-phosphoglyceric acid, 200 ug. of pyridoxal 
phosphate, 120 moles of L-aspartate, 240 umoles of L-glutamate, 
60 moles of L-glutamine, 120 wmoles of ammonium chloride, 120 
umoles of MgSO, and 1000 moles of phosphate buffer, pH 7.4, 
with the modifications indicated in the table. The final volume 
was 20 ml. 

In Experiments 29 to 32 a dialyzed extract of 500 mg. of ace- 
tone powder was incubated at 37° for 60 minutes with 0.20 uwmoles 
of XMP-2-C*™ (220,000 c.p.m. per wmole), 2 wmoles of ATP, 100 
umoles of 3-phosphoglyceric acid, 200 ug. of pyridoxalphosphate, 
120 wmoles of MgSQ,, 1000 moles of phosphate buffer, pH 7.4, 
and 100 wmoles of either L-aspartate, L-glutamate, L-glutamine 
or ammonium chloride in a final volume of 15 ml. The reaction 
was stopped and the purine nucleotides prepared as described in 
Table I. 


Modifications of medium 
Experiment GMP 
acid 

pmoles 

23 + + + + + 0.17 
24 — 4 + + + 0.00 
29 + + - - - 0.01 
30 + — + - — 0.09 
31 + — — + — 0.14 
32 + — ~ - — 0.02 


ATP was not necessary ſor the reaction. Nicotinamide was 
included in the medium in order to inhibit the breakdown of 
DPN. 

In Experiment 14 of Table I, GMP was formed together 
with XMP but in Experiment 15 when DPN was excluded 
from the medium there was no formation of GMP. This would 
indicate that XMP is an obligatory intermediate in the forma- 
tion of GMP from IMP in extracts of pigeon liver. 

An attempt was made to decide whether DPN or TPN was 
involved in the oxidation of IMP. It was found that at low 
concentrations DPN was at least 10 times as effective as TPN 
in promoting the formation of XMP from IMP (Fig. 1). 

Formation of GMP from XMP—The experiments reported 
in Table II were carried out in an attempt to investigate the 
role of ATP in the amination of XMP and to differentiate 
between L-aspartate, L-glutamate, L-glutamine, and ammonia 
as amino group donors. 

The amination reaction required ATP and Mg** ions while 
pyridoxalphosphate that was included in the medium was later 
shown to be without effect in the reaction. 3-Phosphoglyceric 
acid was included in order to keep the ATP-level as constant 
as possible. 

From Experiments 29 to 32 it can be seen that L-glutamine 
and t-glutamate under these conditions gave approximately 
the same synthesis of GMP, whereas L-aspartate and NH? ions 
were inactive. In order to distinguish between glutamine and 
glutamate as amino group donors, their ability to promote GMP 


1 
MOLARITY OF DPN AND TPNx10° 


Fic. 1. Dependence of IMP oxidation on DPN and TPN. A 
dialyzed extract of 500 mg. of pigeon liver acetone powder was 
incubated at 37° for 30 minutes with 0.20 moles of IMP. 2, 8- Cu 
(1.5 X 10% e. p. m. per umole), 50 umoles of nicotinamide, 500 umoles 
of phosphate buffer, pH 7.4,and DPN or TPN as indicated in the 
figure. The final volume was 5 ml. The reaction was stopped 
and the purine nucleotides were prepared as described in Table I. 
©-——O = XMP formed in the presence of DPN; @——@ = 
XMP formed in the presence of TPN. 


synthesis was investigated at decreasing concentrations of the 
amino acids (Fig. 2). 

These experiments showed that at low concentrations 1 
glutamine gave a GMP synthesis that was about 8 times that 
obtained with t-glutamate. This result implicated L-glutamine 
rather than L-glutamate as the specific amino group donor and 
this conclusion was later confirmed by experiments with puri- 
fied aminating enzyme (21). The purified preparation required 
L-glutamine and was completely inactive with L-glutamate. 
The effect of glutamate in the crude extracts must therefore be 
attributed to the presence of glutamine synthetase in these 
preparations. 


Hol ES OF XMP-5 FORMEDx 


Mainly through the work of Greenberg (1) and Buchanan 
and coworkers (2) the biosynthesis of IMP has been elucidated 
in great detail. Although interest in the metabolic behavior 
of this compound first arose with the indication of its key role 
in the excretory mechanism of uricotelic organisms, the possi- 
bility that it might also be involved in the formation of adenine 
and guanine nucleotides seemed worth investigating. Recently 
Carter and Cohen (3, 4) have shown the reversible formation 
of adenylosuccinate from fumaric acid and AMP with a purified 
enzyme fraction from yeast. Lieberman (5) has later purified 
an enzyme from Escherichia coli that catalyzes the condensation 
of Laspartate and IMP to adenylosuccinate in the presence of 
GTP. A synthetic pathway from IMP to adenosine 5’-nucleo- 
tides has thereby been established. 

The results reported above and those obtained by Abrams 
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Fic. 2. Dependence of the amination of XMP to GMP on 
L-glutamine and 1-glutamate. A dialyzed extract of 300 mg. of 
pigeon liver acetone powder was incubated at 37° for 60 minutes 
with 0.30 moles of XMP-2-C™ (220,000 c.p.m. per umole), 2 
gmoles of ATP, 50 moles of 3-phosphoglyceric acid, 200 ug of 
pyridoxalphosphate, 120 wmoles of MgSO,, 1000 umoles of phos- 
phate buffer, pH 7.4, and L-glutamine or L-glutamate as indicated 
in the figure. The final volume was 13 ml. The reaction was 
stopped and the purine nucleotides were prepared as described 
in Table I. O——O = GMP formed in the presence of L-gluta- 
mine; @——@ = GMP formed in the presence of i-glutamate. 


and Bentley (8, 9) and Magasanik et al. (10-12) have shown the 
occurrence of a synthetic pathway from IMP to GMP by way 
of XMP both in animal tissues and microorganisms. The 
main difference between the enzymes of animal origin and those 
from microorganisms seems to be the utilization of different 
amino group donors in the amination of XMP. The results of 
investigations on stoichiometry and reaction mechanism of the 
amination reaction with a purified enzyme fraction from pigeon 
liver will be presented in a subsequent paper (21). 
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The oxidation of IMP to XMP required DPN. The small 
activity obtained with TPN may be explained by the formation 


formation of a hydrated compound followed by the removal of 
hydrogen by DPN. 

The discovery of ic mechanisms for the formation 
of AMP and GMP from IMP in animal tissues and micro- 
organisms poses the question of the possible role of these com- 
pounds in nucleic acid synthesis. The work of Hurlbert and 
Potter (22) with rat liver has implicated UMP rather than the 
2’- or 3’-isomers as intermediate in the biosynthesis of PNA 
pyrimidine nucleotides. Recently Ochoa and coworkers (23, 
24) have shown the formation of a PNA-like polynucleotide 
from pyrimidine and purine nucleoside 5’-diphosphates with 
an enzyme fraction from Azotobacter vinelandii, and Kornberg 
et al. (25, 26) reported on the polymerization of the 5’-triphos- 
phates of thymidine, deoxycytidine, deoxyadenosine, and 
deoxyguanosine to a DNA-like product with an enzyme prep- 
aration from E. coli in the presence of preformed DNA as a 
primer. 

These results are consistent with the hypotheses that py- 
rimidine and purine nucleoside 5’-phosphates and deoxynucleoside 
5’-phosphates are intermediates in the biosynthesis of the 
nucleic acids. The results reported above, together with the 
indication of the formation of AMP from IMP, may therefore 
represent a link between the reaction sequence leading to hy- 
poxanthine formation and the biosynthesis of PNA purine nucle- 
otides. 


An enzymic synthesis of guanosine 5’-phosphate from inosine 
5’-phosphate has been shown in crude extracts of pigeon liver. 
Xanthosine 5’-phosphate is an obligatory intermediate in this 
reaction. The oxidation of inosine 5’-phosphate to xanthosine 
5/-phosphate was shown to be dependent on diphosphopyridine 
nucleotide. The amination of xanthosine 5’-phosphate to 
guanosine 5’-phosphate required adenosine triphosphate and 
t-glutamine or t-glutamate. Evidence is presented to show 
that 1-glutamine rather than t-glutamate is the actual amino 
group donor. 
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Biosynthesis of Guanosine 5-Phosphate 


II. AMINATION OF XANTHOSINE 5’-PHOSPHATE BY PURIFIED ENZYME FROM PIGEON LIVER* 
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The formation of guanosine 5’-phosphate from inosine 5’- 
phosphate by crude extracts of pigeon liver has been shown 
previously (1, 2). Xanthosine 5’-phosphate was shown to be 
an intermediate in the reaction and L-glutamine was implicated 
as the donor of the amino group in the amination of XMP.' 
Abrams and Bentley (3, 4) and Magasanik et al. (5, 6) have 
reported on the occurrence of similar reactions in extracts of 
rabbit bone marrow and the microorganism .\erobacter aerogenes. 
Magasanik et al. have recently reported the purification of an 
IMP dehydrogenase and a XM aminating enzyme from bac- 
terial cells (7, 8). The XMP aminase obtained from bacteria 
and that obtained from animal tissues differ mainly in the nature 
of the amino group donor: ammonia is required by the bacterial 
enzyme, whereas L-glutamine is required by the enzymes from 
pigeon liver and rabbit bone marrow. It is the purpose of this 
paper to give a full report of the purification of XMP aminase 
from pigeon liver acetone powder. With this purified enzyme 
fraction, the stoichiometry given in Equation I was obtained 
for the amination of XMP to GMP. 

XMP + wglutamine + ATP — 
GMP + w-glutamate + AMP + pyrophosphate 


From experiments with XMP; labeled with 0%, a reaction 
mechanism is suggested. 

A preliminary report on part of these findings has appeared 
elsewhere (9). 


(1) 


MATERIALS AND METHODS 


Reuge nta AMP, ATP, GMP, XMP, XMP-2-C™, and the 
mixed 2’- and 3’-isomers of XMP were obtained as described 
previously (2). ADP, CTP, GTP, ITP, UTP, and alkaline 
phosphatase were products of the Sigma Chemical Company. 
DEAE-cellulose was synthesized according to Peterson and 
Sober (10). w-Glutamate labeled with C™ (1-glutamate-1-C™), 


* This investigation has been sponsored by grants from the 
Swedish Medical Council. 

The abbreviations used are: ADP, adenosine 5’-diphosphate; 
AMP, adenosine “phosphate; ATP, adenosine 5’-triphosphate; 
CTP, eytidine 5’-triphosphate; DEAE-cellulose, diethylamino. 
ethyl-cellulose; GDP, guanosine 5’-diphosphate; GMP, guanosine 
phosphate; GTP, guanosine 5’-triphosphate; hexose-di-P’, hex- 
oxe diphosphate; IMP, inosine 5’-phosphate; ITP, inosine 5’-tri- 
phosphate; ribose-5-P, ribose-5-phosphate; Tris, tri«(hydroxy- 
methyl )aminomethane; UTP, uridine 5’-triphosphate; X DP, xan- 
thosine 5’-diphosphate; XMP, xanthosine 5’-phosphate; XTP, 
xanthosine 5’-triphosphate. 


O water and inorganic pyrophosphate labeled with P were 
obtained from The Radiochemical Centre, Amersham, England. 

AMP-8-C™ (11) was prepared by incubating a crude extract 
of pigeon liver with ribose-5-P, ATP, hexose-di-P, and adenine- 
C. The resulting AMP-C™ was purified by chromatography 
on Dowex 2 with gradient elution against formic acid (12). 

ATP-P® was prepared according to Lindberg and Ernster 
(13). 

t-Glutamine-1-C" was synthesized enzymatically from 1 
glutamate-1-C™ with glutamine synthetase, and purified from 
pigeon liver acetone powder according to Speck (14). The re- 
sulting glutamine was separated from glutamate by passing it 
through a Dowex 2 column in acetate form and then crystallized 
from water-alcohol. 

XMP labeled in the hydroxyl group in Position 2 with O" 
was obtained by deaminating GMP (150 mg.) with sodium 
nitrite (I gm.) in 5 ml. of O water (10.67 atom per cent excess) 
at pH 4 (15). The XMP-O was purified as described pre- 
viously. Because no method was available for the determination 
of 0 directly in XMP, the excess in the hydroxy! group in 
Position 2 was assumed to be the same as in the O"” water used. 
This is the maximal value and the actual value may be some- 
what lower because of the formation of unlabeled water from 
the nitrite in acid solution. This dilution can be calculated 
to be less than 5 per cent and was considered negligible. The 
Oe values reported in Table V were based on the maximal 
value 10.67 per cent excess. 

Inorganic pyrophosphatase was prepared according to Heppel 
and Hilmoe (16) with the exception that the fractionation with 
Cy-gel was omitted. This preparation did not dephosphorylate 
ATP, ADP, AMP, GTP, GDP, GMP, or XMP. 

Protein concentration was determined by the turbidimetric 
method of Bücher (17) or by the absorption at 280 my. 

Inorganic phosphate was determined according to Lowry and 
Lopez (18) or Fiske and SubbaRow (19). 

Chromatography on Dowex 2 in formate form with gradient 
elution against formic acid and formic acid-ammonium formate 
according to Hurlbert et al. (12) was used for the separation of 
the products of the reaction catalyzed by the XMP-aminase. 

Radioactivity determinations were carried out as described 


previously (2). Samples containing HCI were plated on lead 
disks 


Assay of XMP-aminase <Activity—\ unit of XMP-aminase 
was defined as that amount of enzyme that catalyzed the forma- 
tion of 10 wmoles of guanosine nucleotides per minute under 
the conditions given below. Specific activity was defined as 
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units per mg. of protein. The following method was used to 
determine enzyme activity: 

0.2 umoles of XMP-2-C" (2 x 10° c.p.m. per umole), 10 
umoles of ATP, 20 umoles of t-glutamine, 25 umoles of MgSO, 
and 100 uwmoles of phosphate buffer, pH 7.4, were incubated 
with the enzyme for 15 minutes at 36° in a final volume of 2 
ml. The reaction was stopped by heating in a boiling water 
bath. The precipitated protein was centrifuged down and 
washed twice with a few ml. of water. The combined super- 
natant fluid and washings were made up to 9 ml. with water 
and 1 ml. of concentrated HCl was added. The sample was 
hydrolyzed for 1 hour at 100° and then subjected to chromatog- 
raphy on Dowex 50 in H*-form. The chromatogram was de- 
veloped with 3 nw HCI (20) and the radioactivity of the guanine 


RESULTS 
Purification of XM P-aminase from Pigeon Liver Acetone Powder 


Crude Extract—25 gm. of pigeon liver acetone powder (2) 
were mixed in a Waring Blendor with about 400 ml. of 0.05 u 
phosphate buffer, pH 7.4, using half maximal speed for 30 
seconds. The extraction was continued by mechanical stirring 
for 60 minutes. After centrifugation at 40,000 x g in a Spinco 
ultracentrifuge, a clear dark brown supernatant solution was 
obtained. 

First Ammonium Sulfate Precipitate—The extract was diluted 
with 0.05 u phosphate buffer, pH 7.4, to give a final protein 
concentration of 1 per cent and the pH adjusted to 6 with 1 m 
acetic acid. To the slightly turbid extract (volume, 870 ml.) 
was added 146 gm. of solid ammonium sulfate (30 per cent sat- 
uration). After stirring for 30 minutes the extract was centri- 
fuged at 40,000 x g and the sediment discarded. Solid am- 
monium sulfate (109 gm.) was added to the supernatant fluid 
(volume, 897 ml.) to give a 50 per cent saturation. The pre- 
cipitate was collected by centrifugation after 30 minutes. 

Precipitation of Inactive Protein with MnSO,—The precipitate 
from above was dissolved in 0.05 m phosphate buffer, pH 7.4, 
and the volume was adjusted with buffer to give an ammonium 
sulfate concentration of 0.15 m as determined by analysis of 
nitrogen volatile at pH 10. The protein concentration at this 
stage varied between 1 and 2 per cent in different preparations. 
To this solution was added 1 u MnSO, with constant stirring 
using 4 umoles for every mg. of protein. The bulky precipitate 
formed carried down most of the colored protein and, after 
stirring for 20 minutes and centrifuging at 40,000 x g, a slightly 
yellow supernatant solution was obtained. 

Second Ammonium Sulfate Precipitate—To the supernatant 
solution from above (volume, 235 ml.) was added 46.7 gm. of 
solid ammonium sulfate to give a saturation of 39 per cent when 
the ammonium sulfate already present in the solution was taken 
into account. After standing for 30 minutes the precipitate 
was centrifuged down and discarded. Ammonium sulfate 
(31 gm.) was added to the supernatant solution (volume, 250 
ml.) to give a 60 per cent saturation. The precipitate was 
collected by centrifugation after standing at least 30 minutes. 

It was found that this fraction could be stored as ammonium 
sulfate precipitate at —10° for 2 to 3 weeks without an appreci- 
able loss of activity. On the other hand, although there was 
no loss of activity in the precipitate, there was an increasing 
tendency of the enzyme to become inactivated when subjected 
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to chromatography on DEAE-cellulose as described below. 
Rather poor yields and low specific activities were obtained when 
preparations that were more than a few days old were used for 
chromatography. In an attempt to increase the stability to- 
wards chromatography, the second ammonium sulfate precipi- 
tate was dissolved in a solution of 0.005 M cysteine in 0.05 1 
Versene-0.05 u phosphate buffer, pH 7.4, and reprecipitated by 
adding solid ammonium sulfate to 80 per cent saturation. This 
treatment, however, did not increase the stability significantly 
and it was found advisable to carry out the chromatography 
within 1 or 2 days after the second ammonium sulfate pre- 
cipitation. 

Chromatography on DEAE-Cellulose—Chromatography on 
anion exchange cellulose according to Peterson and Sober (10) 
was used as the final step of purification. A column of DEAE- 
cellulose (length, 12 cm. and diameter, 2 cm.) was equilibrated 
with 2 liters of 1 u phosphate buffer, pH 7.4, using a flow rate 
of about 1 ml. per minute. Before use the column was washed 
with 300 to 400 ml. of 0.01 u phosphate buffer, pH 7.4. 

The second ammonium sulfate precipitate was dissolved in a 
small volume of 0.05 u phosphate buffer, pH 7.4, and dialyzed 
against 2.5 liters of 0.01 u phosphate buffer, pH 7.4, for at least 
4 hours with a change of buffer after 2 hours. The slightly 
turbid solution was added to the top of the DEAE-cellulose 
column and allowed to drain into the column by gravity. The 
chromatogram was developed by gradient elution with phos- 
phate buffer using a 1000 ml. mixing vessel containing 0.01 u 
phosphate buffer, pH 6, and with 0.3 M phosphate buffer, pH 6, 
in the reservoir vessel. A typical chromatogram is shown in 
Fig. 5. A column of 2 cm. diameter could be used for chro- 
matography of 500 mg. of protein or less. When larger amounts 
were desired (500 to 2000 mg. of protein), a column with a 
diameter of 4 cm. was used with the same mixer volume but with 
0.1 u buffer instead of 0.3 m in the reservoir vessel. With these 
steps of purification, a 90-fold increase in specific activity was 
obtained with a yield of about 15 per cent. A summary of the 
purification is given in Table I. All steps in the purification 
procedure were carried out at +2°. 


Some Properties of Reaction Catalyzed by X M P-Aminase 

With the chromatographically purified enzyme, experiments 
were performed to determine the pH optimum of the reaction 
and the influence of substrate concentrations. The results are 
presented in Figs. 1 to 4. 

The enzyme showed an optimal pH of approximately 7. It 
was saturated with L-glutamine at a concentration of approxi- 
mately 5 X 10M and with XM at a concentration of approx- 
imately 10 “ Mu. XMP-aminase activity was maximal at ATP 
concentrations of approximately 5 x 10~* M whereas higher 
concentrations were inhibitory. 

The presence of 10 wmoles of glutathione in the incubation 
medium described above for enzyme assay did not significantly 
increase the activity of the enzyme on any stage of purifica- 
tion. However, with the chromatographically purified enzyme, 
p-chloromercuribenzoic acid gave a 50 per cent inhibition of the 
activity at a concentration of 10 . This might indicate that 
the XMP-aminase is dependent upon SH-groups for activity. 

Stoichiometry of Reaction—The purified enzyme still contained 
inorganic pyrophosphatase and a considerable GMP kinase 
and myokinase activity. The presence of these kinases made 
it impossible to distinguish directly between AMP and ADP 
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Fig. I. Dependence of XMP-aminase activity on pH. Chro- 
matographically purified XMP-aminase (2.7 units) was incubated 
as described previously for enzyme assay with the difference that 
instead of phosphate buffer 300 smoles of Tris-maleate buffers were 
used in the pH-interval of 6 to 7.5 and Tris-HCl buffers in the 
interval of 8 to 8.5. 


1 2 
MOLARITY OF L-GLUTAMINE x10? 
Fic. 2. Dependence of XMP-aminase activity on L-glutamine 
concentration. Chromatographically purified XMP-aminase (1.3 


units) was incubated as described previously for enzyme assay 
but with L-glutamine concentrations as indicated. 


as products of the reaction and furthermore resulted in the 
formation of both GDP and GTP in addition to GMP. The 
possibility that the amination takes place on the di- or triphos- 
phate level is eliminated by the inability of the purified enzyme 
to phosphorylate XMP to XDP or XTP. 


The formation of 
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Fic. 3. Dependence of XMP-aminase activity on ATP con- 
centration. Chromatographically purified XMP-aminase (2.3 
units) was incubated as described previously for enzyme assay 
but with ATP concentrations as indicated. 
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Fie. 4. Dependence of XMP-aminase activity on XMP con- 
centration. Chromatographically purified XMP-aminase (1.8 
units) was incubated as described previously for enzyme assay 
but with XMP concentrations as indicated. 


Taste II 
Stoichiometry between formation of guanosine nucleotides and 
L-glutamate and disappearance of XMP and t-glutamine 

2.24 moles of XMP, 29 moles of ATP, 5.5 wmoles of t-gluta- 
mine-1-C™ (105,000 c.p.m. per umole), 250 wmoles of MgSO, and 
1000 wmoles of Tris buffer, pH 7.4, were incubated with chroma- 
tographically purified XMP-aminase (82 units) for 15 minutes at 
36° in a final volume of 10 ml. The reaction was stopped by cool- 
ing and adding 0.1 volume of 4 w HCIO,. After centrifugation 
an aliquot of the supernatant solution was taken for chromatog- 
raphy on Dowex 2 with gradient elution against formic acid and 
formic acid-ammonium formate (12). L-glutamine and t-gluta- 
mate were determined by measuring the CM. activity and the 
purine nucleotides by their ultraviolet absorption. 


moles 
—1.45 
+1.47 
—1.31 
Guanosine nucleotides +1.40 


stoichiometric amounts of pyrophosphate in the reaction (see 
below) provided strong indirect evidence that AMP and not 
ADP was the product of the reaction. 

The stoichiometric formation of t-glutamate and guanine 
nucleotides from t-glutamine and XMP was shown by experi- 
ments performed with C-labeled t-glutamine. The results 


are given in Table II. 
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Taste III 
Stoichiometry between formation of guanosine nucleotides and 
orthophosphate (in presence of excess inorganic 
pyrophosphatase) and disappearance of XMP 
4.56 umoles of XMP, 2.8 wmoles of ATP, 20 smoles of L-gluta- 
mine, 25 wymoles of MgSO, and 100 umoles of Tris buffer, pH 7.4, 
were incubated with chromatographically purified XMP-aminase 
(90 units) and inorganic pyrophosphatase (380 units) for 60 min- 
utes at 36° in a final volume of 1.8 ml. The XMP-aminase used 
had been precipitated from the dilute phosphate buffer used for 
chromatography by saturation with ammonium sulfate to 80 per 
cent, dissolved in a small volume of Tris buffer, pH 7.4, and 
dialyzed against 2.5 liters of 0.01 m Tris buffer, pH 7.4, for 4 
hours. The reaction was stopped by cooling and adding 0.2 ml. 
of 4m HCIO,. After centrifugation, samples were withdrawn for 
phosphate analysis and an aliquot taken for chromatography on 
Dowex 2 as described in Table II. Purine nucleotides were deter- 
mined by their ultraviolet absorption. 


wmoles 

| —1.32 
Guanosine nucleotides +1.41 
Orthophosphate....... | +2.62 


As a first attempt to show the stoichiometric formation of 
inorganic pyrophosphate, experiments were carried out in the 
presence of an added excess of inorganic pyrophosphatase in 
order to insure the quantitative hydrolysis of any pyrophos- 
phate formed. The results are given in Table III. 

The formation of 2 moles of orthophosphate for every mole 
of guanine nucleotides in the presence of inorganic pyrophos- 
phatase indicated that pyrophosphate rather than orthophos- 
phate was the product of the reaction. In order to elucidate 
this point experiments were carried out with ATP-P® in the 
presence of fluoride ions that were found to inhibit inorganic 
pyrophosphatase completely without inhibiting XMP-aminase 
to more than about 50 per cent at a concentration of 0.05 u. 
The results of these experiments, given in Table IV, showed that 


Tasie IV 
Stoichiometry between formation of guanosine nucleotides and 
inorganic pyrophosphate and disappearance of XMP 

3.4 umoles of XM, 3.74 wmoles of ATP-P*® (43,000 c.p.m. per 
umole), 20 zmoles of L-glutamine, 10 ymoles of MgSO,, 100 wmoles 
of Tris buffer, pH 7.4, and 100 uwmoles of KF were incubated with 
chromatographically purified XMP-aminase (50 units) for 60 
minutes at 36° in a final volume of 18 ml. The XMP-aminase 
used was pretreated in the same way as described in Table III. 
The reaction was stopped by adding 0.2 ml. of 4 ma HCIO,. An 
aliquot of the supernatant fluid after centrifugation was taken 
for chromatography on Dowex 2 as described in Table II. In- 
organic pyrophosphate was determined by its radioactivity and 
purine nucleotides by their ultraviolet absorption. 


umoles 
70.82 
%%% —0. 90 
Inorganic pyro phosphate +0.89 
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guanosine nucleotides and inorganic pyrophosphate were formed 
and XMP disappeared in stoichiometric amounts. 

The results reported above are consistent with the stoichiom- 
etry given in Equation 1 in which t-glutamate, GMP, AMP, 
and inorganic pyrophosphate are formed from t-glutamine, 
XMP, and ATP. 

Specificity of Enzyme—The purified enzyme showed no ge- 
tivity with t-glutamate or L-asparagine at concentrations up 
to 0.01 u. With NH,* ions at pH 7.4 the enzyme required a 
concentration of 0.1 u for saturation and the specific activity 
was only 15 per cent of that obtained with L-glutamine at sat- 
uration concentration. The high concentration required for 
enzyme saturation (200 times that required for L-glutamine) 
and the low specific activity speak against a physiologically 
significant role of XH.“ ions or ammonia as amino group donors. 
Purified XM P-aminase did not aminate the mixed 2’- and 3’-iso- 
mers of XMP, xanthosine, inosine, xanthine, or hypoxanthine 
with t-glutamine as the amino group donor at pH 7.4 as meas 
ured by the liberation of orthophosphate in the presence of ex- 
cess inorganic pyrophosphatase. The XMP-aminase showed a 
specific requirement for ATP and was completely inactive with 
CTP, ITP, UTP, or ADP at concentrations up to 2.5 x 10° * 
under the experimental conditions described above for routine 
determination of enzyme activity. 

Experiments with O"labeled X MP—I\t seemed probable that, 
before the introduction of an amino group in Position 2 of XMP, 
this position should be activated in some way, presumably by 
adenylation or pyrophosphorylation. These possibilities were 
tested by incubating XMP-aminase with XMP labeled in the 
hydroxyl group in Position 2 with 0% in the presence of the 
complete substrate plus inorganic pyrophosphatase. The re- 
sulting orthophosphate from the pyrophosphate fraction and 
the phosphate derived from the AMP formed in the reaction 
were isolated. If adenylated XMP was indeed an intermediate 
O might appear in the AMP whereas a pyrophosphorylated 
XMP would result in O"-labeled orthophosphate under these 
conditions. The results of the experiments with O-labeled 
XMP are given in Table V. 

The 0% from the hydroxyl group in Position 2 of XMP ap- 
peared mainly in the phosphate of AMP whereas only a small 
excess was obtained in the pyrophosphate fraction. 

The presence of myokinase activity tended to dilute the 0% 
excess in AMP by equilibration with unlabeled ADP and ATP. 
In order to be able to apply a correction for this dilution, experi- 
ments were carried out with C'-labeled AMP and it was found 
that, under the conditions reported in Table V, the enzyme prep- 
aration catalyzed a complete equilibration of isotope between 
AMP, ADP, and ATP. A correction based on the assumption 
of complete equilibration is given in Table V under the heading: 
per cent excess O corrected for myokinase action. 

As can be seen in Table V, the experimentally observed values 
for the O" excess in the AMP are nevertheless somewhat lower 
than that theoretically expected (theoretical maximal value, 2.66 
per cent excess). 

The low O excess of the orthophosphate derived from inor- 
ganic pyrophosphate (theoretical maximal value, 1.33 per cent 
excess) may be readily explained by the formation of O"-labeled 
ATP from AMP through myokinase action and the participa- 
tion of this labeled ATP in the amination reaction to give la- 
beled pyrophosphate. 

The fact that O appears chiefly in the AMP phosphate and 
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Taste V 
Experiments with O”-labeled XMP 

33.3 smoles of XMP-O"* (10.67 atom per cent excess), 50 umoles 
of ATP, 200 wmoles of t-glutamine, 250 wmoles of MgSO, and 
1000 wmoles of Tris buffer, pH 7.4, were incubated with chromato- 
graphically purified XMP-aminase (600 units) and inorganic pyro- 
phosphatase (7700 units) for 60 minutes at 36° in a final volume 
of 18 ml. The XMP-aminase used was pretreated as described 
in Table III. The reaction was stopped by cooling and adding 
2 ml. f Au HClO, After centrifugation, samples were withdrawn 
for phosphate analysis and, after addition of carrier orthophos- 
phate, an aliquot of the centrifugate was treated with | gm. of 
Norit to remove the purine nucleotides. The phosphate wax 
precipitated with a M mixture and KH,PO, prepared from this 
fraction as described by Luchsinger (21). 

The purine nucleotides were extracted from the Norit with 2 
per cent NH, in 30 per cent alcohol and AMP prepared by chro- 
matography on Dowex 2 as deseribed in Table II. AMP was 
dephosphorylated with alkaline phosphatase at pH 9.5 in the 
presence of ammonia and Mg ions“ after addition of carrier 
AMP. KH,PO, was prepared as above. The ©” analyses were 
carried out according to Harrison eft al. (22). 

The correction for myokinase action was based on the assump- 
tion of complete equilibration of O between the adenosine nu- 
cleotides (see the text for further explanations). The AMP 
formed was calculated from the phosphate analysis and the cor- 
rection factor obtained from the ratio between smoles of ATP 
used for incubation and smoles of AMP formed. 


Atom per cent excess O in orthophosphate derived from: 
Experiment No. AMP 
Corrected for | 
Uncorrected | myokinase action | 
| os2 1.1.04 0.08 
2 0 76 1.85 0.09 


os This procedure was suggested by Dr. P. D. Boyer in a per- 
sonal communication. 


with an excess that is about 70 per cent of that theoretically 
expected agrees with the formation of an XMP adenylated in 
Position 2 as an intermediate. Attempts to demonstrate di- 
rectly the formation of adenylated XMP by incubating XMP- 
aminase with highly C-labeled XMP (7.6 x 10 ¢.p.m. per 
zmole) in the presence of ATP and Mg** ions have been unsuc- 
cessful. Only traces of activity were obtained in the position 
to be expected for adenylated XMP when subjected to chro- 
matography on Dowex 2 with gradient elution against formic 
acid. 
The significance of these findings will be discussed more fully. 

Reversibility of Reaction—When .-glutamate-1-C™ was incu- 
bated with purified XMP-aminase in the presence of AMP, 
GMP, Mg** ions, inorganic pyrophosphate, and unlabeled L-glu- 
tamine, there was no exchange of isotope between L-glutamate 
and L-glutamine indicating that the over-all reaction catalyzed 
by the enzyme was irreversible. 

On the other hand, purified XM P-aminase was found to cata- 
lyze the incorporation of pyrophosphate-P™ into ATP in the 
presence of Mg** ions and with no further additions. XMP 
did not stimulate the reaction. This could indicate the inter- 
mediate formation of an adenylated enzyme in the reaction cata- 
lyzed by XMP-aminase or the presence of enzyme bound XMP. 
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Fie. 5. Chromatography of XMP-aminase (and ammonium 
sulfate precipitate) on DEAE-cellulose. The chromatography 
was carried out as described previously for the purification of 
the enzyme. Protein concentrations were determined by the ex- 
tinction at 280 me and XMP-aminase activity as described pre- 
viously. Specific activity with regard to the ability to incorpo- 
rate inorganic pyrophosphate-P® into ATP was defined as e. p. m. 
X 10 “ incorporated into ATP per mg. of enzyme protein and 
minute of incubation. The specific activity was determined in 
the following way: The enzyme fraction was incubated with 3 
umoles of ATP, 3 wmoles of inorganic pyrophosphate-P” (1.5 X 
10* ¢.p.m. per pmole), 10 ymoles of MgSO,, 100 wmoles of KF and 
100 moles of Tris buffer, pH 7.4, for 15 minutes at 36° in a final 
volume of 1.8 ml. The reaction was stopped by cooling and add- 
ing 0.2 ml. of Mu HCIO,. ATP was prepared free of inorganic 
pyrophosphate by chromatography on Dowex 2 as described in 
Table II. 

Continuous curve = extinction at 280 ma. Stepped curve 
drawn with heavy lines = specific activity of XMP-aminase. 
Stepped curve drawn with thin lines = specific activity with 
regard to the exchange of isotope between inorganic pyrophos- 
phate-P* and ATP. 


However, these findings could also be ascribed to the presence 
in the purified enzyme preparation of a pyrophosphorylase quite 
unrelated to the XMP-aminase. To test this last possibility, 
chromatography of XMP-aminase (second ammonium sulfate 
precipitate) on DEAE-cellulose was carried out as described 
above and the different fractions tested both for XM P-aminase 
activity and ability to incorporate inorganic pyrophosphate-P® 
into ATP. The results are given in Fig. 5. 

It seems that there was indeed present a pyrophosphorylase 
unrelated to XMP-aminase in the chromatographic fractions 
containing maximal aminase activity. At the stage of purifica- 
tion that has so far been achieved it is impossible to decide 
whether or not there is formed an adenylated enzyme in the 
reaction catalyzed by XMP-aminase. 
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The stoichiometry presented in Equation 1 shows XMP- 
aminase to belong to the group of pyrophosphory (23) which 
includes such enzymes as those responsible for the activation of 
fatty acids and amino acids (24, 25). The analogy with these 
enzymes is further strengthened by the evidence for the inter- 
mediate formation of an adenylated XMP obtained from the 
Oi experiments reported above. The inability to show a net 
synthesis of the adenylated intermediate is paralleled by the 
failure of Berg (24) in his investigations on acetyl activation to 
obtain an enzymic net synthesis of adenyl acetate. This would 
indicate that the adenylated XMP is never released from the 
active sites of the enzyme. Recently, Hoagland et al. (26) have 
shown the transfer of Ou from the carboxyl group of tryptophan 
to the AMP in the enzymic synthesis of the hydroxamate of 
tryptophan. These results were taken to indicate the forma- 
tion of tryptophanyl adenylate as an intermediate. 

In Scheme 1 a reaction mechanism for the amination of XM 
to GMP is suggested. The results of the Oils experiments are 
in our opinion best explained by the intermediate formation of 
a compound in which the phosphate moiety of AMP is linked 
to the carbon in Position 2 of XMP by a P-O-C linkage in 
which the oxygen is furnished by the hydroxyl group of XMP. 
The formation of this intermediate, that probably remains at- 
tached to the enzyme, is followed by a nucleophilic attack by 
the lone pair of electrons of the amide nitrogen of glutamine on 
Carbon 2 in the XMP moiety, together with a hydrolytic split 
of the amide bond in glutamine to yield GMP, AMP, and t-glu- 
tamate. 

The work of Moyed and Magasanik (8) with XMP-aminase 
purified from A. aerogenes leaves no doubt that ammonia and 
not glutamine is the amino group donor in their case. They 
have not suggested a reaction mechanism but in view of the 
results reported above it seems reasonable to assume that the 
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activation of Position 2 of XMP occurs by adenylation followed 
by a nucleophilic attack by the lone pair of electrons of ammonia 
instead of t-glutamine. This would agree with the indication 
that ammonia rather than NH.“ ions is the actual amino group 
donor. 

The chromatographically purified XM P-aminase catalyzed an 
exchange of isotope between inorganic pyrophosphate- * and 
ATP. This could indicate the formation of an adenylated en- 
zyme or the presence of enzyme-bound XMP. However, the 
results reported in Fig. 5 show that the maximal enzyme activ- 
ity with regard to isotope exchange did not coincide with the 
maximal XMP-aminase activity in a chromatogram on DEAE- 
cellulose. The possibility of an adenylated XMP-aminase is 
by no means eliminated by these results, but the results cer- 
tainly stress the necessity of great care in the interpretation of 


It may be pertinent finally to discuss the results obtained on 
the enzymic level regarding GMP biosynthesis in relation to 
earlier investigations made in vivo. By administration of NI. 
ammonium citrate to rats, Barnes and Schoenheimer (27) were 
able to show the high labeling of the amino group of PNA guanine 
as compared with the amino group of adenine. The same re- 
sults were obtained by Reichard (28) with N'~glycine. In view 
of the intimate metabolic relation between ammonia and the 
amido group of glutamine these results are easily reconciled with 
the indication of L-glutamine as the amino group donor in the 
amination of XMP. 


SUMMARY 

An enzyme which catalyzes the amination of xanthosine | 
5’-phosphate to guanusine 5’-phosphate in the presence of ATP 
has been partially purified from pigeon liver acetone powder. 
Stoichiometric experiments show this enzyme to be a pyrophos- 
Phorylase which uses the amido group of L-glutamine as the 
amino group donor. From the results of experiments with 
xanthosine 5’-phosphate, labeled with 0% a reaction mechanism 


is suggested. 
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Addendum—After the completion of this work, Abrams, in a 
personal communication, reported on the ification of a 
xanthosine 5’-phosphate-aminase from calf thymus. With this 
enzyme preparation he obtained the same stoichiometry as that 
reported above. In experiments with xanthosine 5’-phosphate 
labeled in the hydroxy! group in Position 2 with O, he recovered 
the O isotope in the adenosine 5’-phosphate whereas the pyro- 
phosphate was unlabeled, which is in agreement with our own 
results. 
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The urinary metabolites of xanthurenic acid have been studied 
in several laboratories. Dalgliesh (1) found conjugates of xan- 
thurenic acid in the urine of pyridoxine-deficient rats but these 
conjugates were not completely characterized. Kotake and his 
associates (2, 3) presented evidence that suggested that xan- 
thurenic acid was excreted in part by rats as the 4,8-diethereal 
sulfate. More recently Rothstein and Greenberg (4) identified 
two conjugates of xanthurenic acid-4-C™ in rat urine. None of 
these studies reported any urinary metabolites of xanthurenic 
acid other than conjugated products. 

Recent studies have revealed that kynurenic acid was metab- 
olized by man and the rat to quinaldic acid (5). If xanthurenic 
acid was dehydroxylated in a similar manner, 8-hydroxyquinal- 
dic acid would be the expected product. This report will present 
evidence that xanthurenic acid was dehydroxy lated to 8-hydroxy- 
quinaldic acid by the rat, and possibly by man. A preliminary 
report of these results has been made (6). 


MATERIALS AND METHODS 


Reagents—The xanthurenie acid used in these studies was pre- 
pared as previously described (7) and was free of its S-methyl 
ether. 

8-Hydroxyquinaldic acid was prepared by the method of 
Irving and Pinnington (9). It was also prepared from 5-bromo- 
8-methoxyquinaldic acid (9) by treatment with refluxing hydri- 
odie acid containing red phosphorus. Both methods gave identi- 
cal products as determined by paper chromatography, melting 
point (214°),' and elemental analysis. 

The xanthurenic acid-4-C" was kindly supplied by Drs. Roth- 
stein and Greenberg (4, 10). In the present studies no chemical 
or radioactive impurity could be detected in this preparation of 
xanthurenic acid-4-C™. 

Dowex 50 (H*), Dowex 1 (C) and Dowex | (HCOO-) were 
prepared as previously described (11-13). 

Paper Chromatography—W hatman No. | filter paper was used 


* Supported in part by grants from the National Institute of 
Arthritis and Metabolic Diseases (Grant No. A-1127(C)), Public 
Health Service; from the American Cancer Society as recom- 
mended by the Committee on Growth of the National Research 
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Society; and an Institutional Grant from the American Cancer 
Society. 

Present address, Department of Pharmacology, Emory Uni- 
versity, Emory University, Georgia. 

t Scholar in Cancer Research of the American Cancer Society. 

All of the melting points were uncorrected. 


with the ascending solvent system of Mason and Berg (14) with 
added acetic acid or NH,OH (7). 

Experimental Animals—Male albino rats weighing 180 to 220 
gm. were used in most of the experiments. They were fed a 
stock grain diet and during urine collections they were kept in 
stainless steel metabolism cages fitted with glass funnels. The 
urine samples were collected daily under toluene and were frozen 
until needed for analysis or isolation of metabolites. 

Isolation of 8-H ydroryquinaldic Acid from Rat ( rine—Prelimi- 
nary studies revealed that S-hydroxyquinaldic acid was eluted 
from Dowex 50 (H*) with water in a manner similar to that 
used for the elution of some other natural quinoline derivatives 
(7). The 8-hydroxyquinaldic acid was separated from the other 
quinoline derivatives on Dowex 1 formate. 

Five rats were each given 33.7 mg. (164 wmoles) of xanthurenie 
acid daily for 7 days by stomach tube and the urine was col- 
lected for 8 days. Two 24 hour urine collections from the five 
rats were pooled and diluted to about 1.5 liters with water. A. 
ter adding 33.5 ml. of concentrated HC! the mixture was diluted 
to 2 liters with water. Following filtration the solution was 
passed through a column of Dowex 50 (H*) (28 Xx 10 em.) and 
washed with 2 liters of 0.2 & HCI followed by 1 liter of water. 
The 8-hydroxyquinaldic acid was then eluted with 8 liters of 
water and the effluent was passed directly into a column of 
Dowex 1 formate (28 X 5 em.). The next two 24 hour urine 
collections were chromatographed on Dowex 50 in an identical 
manner and the water effluent was pasxed through the same col- 
umn of Dowex | formate. The Dowex | formate column was 
then washed with 100 ml. of 6 & formic acid and the 8-hydroxy- 
quinaldic acid was eluted with 600 ml. of 6 & formic acid. The 
formic acid effluent was evaporated to dryness under reduced 
pressure with the aid of a water bath. The next four 24 hour 
urine collections were handled in an identical manner. The resi- 
due from the two Dowex | formate columns was dissolved in 
100 ml. of 0.15 XH. OH and the solution was passed through 
a column of Dowex | formate 1.2 & 16 em. long. The column 
was washed with 50 ml. of water and the S-hydroxyquinaldie 
acid was eluted by successive 50 ml. portions of 6 & formic acid. 
The elution of 8-hydroxyquinaldic acid was followed by measur- 
ing the ultraviolet light absorption of the successive fractions. 
Fractions 5 to 9 were pooled, evaporated to dryness under re- 
duced pressure, and the residue was dissolved in 0.2 & HCI and 
passed through a 1.3 N 13.5 em. column of Dowex 50 (H). 
The 8-hydroxyquinaldic acid was eluted by washing with 100 
ml. portions of 2.0 X HCI. Fractions 3 to 6 had ultraviolet 
spectra similar to that of S-hyvdroxyquinaldic acid, and these 
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fractions were pooled and evaporated to dryness under reduced 
The residue was recrystallized from dilute HCl, and 

from dilute ethanol to vield small yellow crystal The xan- 

thurenie acid remained on the column of Dowex | formate. 

Two small scale isolations of S-hydroxyquinaldie acid were 
done in the same manner after the oral administration of an 
identical dose of xanthurenic acid to two rats for 3 successive 
days. On another occasion an attempt was made to isolate 
&-hydroxyquinaldie acid from the urine collected from 11 rats 
for 18 days without the administration of xanthurenie acid sup- 
plements. A similar procedure was used to attempt to isolate 
S-hvdroxyquinaldie acid from the urine collected for 48 hours 
from a human subject who had ingested 820 ymoles of xanthu- 
renic acid. 

(Juantitative Determination of 8-Hydroryquinaldic Acid in Rat 
(rin In four experiments two rats were each given 164 Amos 
of xanthurenic acid by stomach tube after collecting a basal 24 
hour urine. The urine was then collected from the two animals 
in one cage for two more 24 hour periods. Five similar experi- 
ments were conducted on two rats each in which the urine was 
collected for | day before and 3 days after supplementation with 
an oral dose of 410 Amos of xanthurenie acid. The urine col- 
lections were all analyzed for 8-hydroxvquinaldic acid. 

In the analytical procedure a sample equivalent to 5 to 10 per 
cent of a 24 hour urine collection from two rats was added to 
each of 2 Erlenmeyer flasks, and 610 yg. of 8-hydroxyquinaldic 
acid was added to one of the flasks. The contents of the flasks 
were diluted to 120 ml., and 30 ml. of 1 ~ HCl were added to 
each. The solutions were then passed through 0.9 * 3 em. col- 
umns of Dowex 50 (H*) and the columns were washed with 50 
ml. of 0.2 * HC! and 50 ml. of water. The S-hydroxyquinaldic 
acid was eluted with 500 ml. of water and the effluents were 
passed directly into 0.9 X 1.5 em. columns of Dowex 1 (CI). 
The samples were eluted from the Dowex | with 450 ml. of 0.2 
s HCI and the effluents were passed into 0.9 13 em. columns 
of Dowex 50 (H*). The Dowex 50 columns were washed with 
180 ml. of 2 * HCI and the 8-hydroxyquinaldic acid was eluted 
with an additional 300 ml. of 2s HCl. All of the columns were 
operated without additional pressure except the last in which 
about } to § pound of air pressure was used to increase the 
flow rate. All samples were read at 267 and 320 my in a Beck- 
man model DU vtometer in matched quartz cells 
against blanks of 2~ HCl. Additional readings were made to 
determine whether or not absorption maxima were present at 
these wave lengths. The amount of S-hydroxyquinaldie acid 
present in the samples and the recoveries of the added standard 
could be determined from ultraviolet spectra of solutions of S-hy- 
droxxquinaldic acid taken in 2 N HCl. A recovery column was 
run with every sample analyzed. 

The analytical method derives specificity from the fact that 
when normal rat urine was passed through columns of Dowex 50, 
washed with dilute HC! and then with a large volume of water 
as described, paper chromatography of the concentrated water 
efluent revealed chiefly kynurenic acid and xanthurenic acid 
with traces of S-hydroxyquinaldice acid and perhaps traces of 
other substances.? Following the administration of xanthurenic 
acid a great increase was obtained in the urinary xanthurenic 
acid, S-hydroxyquinaldie acid, and conjugates of both com- 
pounds. Under these conditions the quantities of substances 
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other than xanthurenic acid and 8-hydroxyquinaldic acid present 
in the water effluents from Dowex 50 were negligible, so that 
from the standpoint of the analytical procedure the problem 
was simply the separation of xanthurenic acid from 8-hydroxy- 
quinakdie acid. This separation was accomplished on the 0.9 * 
13 em. Dowex 30 columns. If xanthurenie acid was partially 
eluted in the S-hydroxyquinaldie acid fraction it was detectable 
as a result of shifts in absorption maxima, poor recoveries, or 
beth, in which case the analyses were repeated. In 40 consecu- 
tive analyses the recoveries ranged from 78 to 109 per cent 
(average 86). 

Isolation of 8-I1 ydroxryquinaldic Acid from Rat Urine after Ad- 
ministration of Nanthurenic Acid-4-C“—One rat was given 3.3 
mg. (1,840,000 pm.) of xanthurenie acid-4-C™ by stomach 
tube and a second rat was given an identical dose intraperitone- 
ally. Three 24 hour urine collections were made from each ani- 
mal and 8-hydroxyquinaldic acid was isolated from the first 24 
hour urine collection and also from the pooled second and third 
24 hour urine collections from each animal. 

5 mg. of carrier S-hydroxyquinaldie acid were added to each 
of the 4 urine samples before the isolation was started and an- 
other 30 mg. of carrier were added at the end of the isolation 
procedure. The carrier 8-hydroxyquinaldic acid was recrystal- 
lized to constant specific activity. 

Radioactivity was measured with a thin window gas flow 
counter (Nuclear-Chicago Corporation) and the counts were cor- 
rected for background radiation and self-absorption. 


RESULTS 
The vields of isolated S-hydroxyquinaldic acid from the rat 
urines were 32 mg. from the large seale procedure and 5 and 2 
mg. from the smaller scale isolations. The crystals melted alone 
at 214.5° and at 214° when mixed with authentic 8-hydroxy- 


quinaldic acid (m. p. 214°). 
CwH:O,N. Caleulated. C 63.50, H 3.73, N 741 
Found.’ C 64.09, H 3.52, N 7.36 


The ultraviolet spectra of the natural product in 0.1 M phos- 
phate buffer at pH 2, 7.4 and 12 were identical with those of 
synthetic 8-hydroxyquinaldic acid. The natural and synthetic 
compounds chromatographed on paper or ion exchange columns 
in an identical manner. Ultraviolet fluorescence (orange-red) 
and color tests (orange-red with diazotized sulfanilic acid, grey- 
green with FeCl) were also identical. The natural and syn- 
thetic compounds were decarboxylated by heating to give identi- 
cal products which could not be distinguished from authentic 8- 
hydroxyquinoline (m.p. 75°) by mixing melting point (75°), 
or paper chromatography. The picrate of the 8-hydroxyquino- 
line derived from the natural product melted at 204° alone or 
mixed with authentic material. 

It was not possible to isolate crystals of 8-hydroxyquinaldic 
acid from the urine collected for 18 days from the 11 rats that 
had not received xanthurenic acid supplements, but paper chro- 
matography of the residue obtained revealed a spot which was 
apparently identical with 8-hydroxyquinaldie acid. 

Crystals of 8-hydroxyquinaldic acid could not be isolated from 
the urine of the human subject who ingested 820 ymoles of xan- 


* Elemental analyses were made by Clark Microanalytical 
Laboratory, Urbana, Iinois. 
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I 
Average daily urinary ezcretion in amoles of free 8-hydrozyquinaldic 
acid after ingestion of a single dose of zanthurenic acid 
Two rats were kept in the same metabolism cage for each ex- 
periment but the dose of xanthurenic acid and the excretion of 
8-hydroxyquinaldic acid were calculated to express the results 
in terms of units per rat. 


8-Hydroxyquinaldic acid excreted 
No. of Dose of l 
experiments — — ist day Days after xanthurenic acid ingestion 
ingestion 1 2 3 
pmoles 
4 164 0.04 1.6 2.8 
5 410 0.01 2.1 8.7 4.2 
Taste II 


Percentage of the administered CM excreted in the urine and isolated 
as 8-hydrozyquinaldic acid after oral or intraperitoneal 
administration of zanthurenic acid-4-C" to rats 

The radioactivity isolated in the various samples of 8-hydroxy- 
quinaldic acid has been corrected on the basis of the constant spe- 
cific activities obtained on the recrystallized carrier. 


Cie in isolated 
Ci excreted in urine 
coo Dose given 
Ist day —— ist day — — 

c. m. in cpm. cpm. 
Oral 16. 11, 840,000 739 1 000 2. 151, 2.8 
Intra- 16. 11, 840, 1,546, 000 84 121,000 7 2, 800 0. 238,000 
peri- 
toneal | 


thurenic acid, but the small quantity of residue obtained had 
ultraviolet spectra which were identical at the 3 pH values with 
authentic 8-hydroxyquinaldic acid. This residue also chromato- 
graphed on paper or in ion exchange columns and gave color 
reactions exactly like those of 8-hydroxyquinaldic acid. 

When rats ingested a single dose of xanthurenic acid the excre- 
tion of 8-hydroxyquinaldic acid increased to an extent adequate 
to account for about 2.6 and 3.6 per cent of the 164 and 410 
umole doses of xanthurenic acid, respectively (Table 1). The 
excretion of 8-hydroxyquinaldic acid was maximal on the 2nd 
day after ingestion of xanthurenic acid and became normal on 
the 4th or 5th day. Following ingestion of xanthurenic acid, 
weak acid hydrolysis of the urine increased by about 50 per cent 
the amount of 8-hydroxyquinaldic acid found in the urine. 
With strong acid hydrolysis the recoveries of added 8-hydroxy- 
quinaldic acid decreased to such low values that the data could 
not be considered reliable. 

Paper chromatography of the whole urine collected from rats 
after the ingestion of single doses of xanthurenic acid or 8-hy- 
droxyquinaldic acid revealed the latter migrating just ahead of 
xanthurenic acid in the solvent system of Mason and Berg (14) 
containing I per cent acetic acid (7). It was not always possible 
to see 8-hydroxyquinaldic acid on chromatograms of the first 24 
hour urine collection after the administration of xanthurenic 
acid, but it was usually detected in the urine collected the second 
and third days. When 8-hydroxyquinaldic acid was ingested it 
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was easily seen in the first 24 hour urine collection as a charac- 
teristic orange-red fluorescent spot. After ingestion of either 
xanthurenic acid or 8-hydroxyquinaldic acid five fluorescent 
spots were apparent besides 8-hydroxyquinaldic acid itself and 
the spots seen on chromatograms of normal rat urine. When 
these spots were eluted from paper, hydrolyzed with acid and 
then rechromatographed on paper it appeared that four of these 
spots yielded 8-hydroxyquinaldic acid. Two fluorescent spots 
were observed after the ingestion of xanthurenic acid which were 
not seen in urines collected from rats after supplementation with 
8-hydroxyquinaldic acid. 

The radioactivity from orally administered xanthurenic acid- 
4-C™ was excreted very differently from that of the intraperitone- 
ally administered compound (Table II). The animal which re- 
ceived the material intraperitoneally excreted over twice as 
much C in the urine during the first 24 hours but only yy as 
much Ci in 8-hydroxyquinaldic acid as the animal that received 
the dose orally. During the next 48 hours the animal that had 
received xanthurenic acid orally excreted about 3 times as much 
Cie in the urine but only 4 more C in 8-hydroxyquinaldic acid 
than the animal which had the intraperitoneal dose. Although 
the animal, which received xanthurenic acid-4-C™ orally, excreted 
more C™ in 8-hydroxyquinaldic acid, there was an unquestion- 
able conversion of the intraperitoneally administered xanthu- 
renic acid to 8-hydroxyquinaldic acid. 

The differences in the results in Table II cannot be explained 
on the basis of the extent to which quantitative isolation was 
achieved. 5 mg. of carrier 8-hydroxyquinaldic acid was added 
to each of the four urine samples before the isolation procedure 
was started. From the rats which received the oral and intra- 
peritoneal doses of xanthurenic acid-4-C™, 4.8 and 5.4 mg., re- 
spectively, of 8-hydroxyquinaldic acid were isolated from the 
urine collected the first day. From the pooled urines collected 
on the 2nd and 3rd days, 5.1 mg. of 8-hydroxyquinaldie acid 
carrier was isolated from the urine of each rat. Since the iso- 
lated product was spectroscopically pure it was concluded that 
the 8-hydroxyquinaldic acid was almost quantitatively isolated 
from each urine sample. 

In another experiment in which two rats were each given a 
single oral dose of 164 ymoles (4,000,000 c. pm.) of xanthurenie 
acid-4-C™, the pooled 72 hour urine collected from the two rats 
yielded 14.7 ymoles (400,000 c. p. m.) of 8-hydroxyquinaldic acid 
and 41 Amoles (980,000 c.p.m.) of xanthurenic acid. When the 
isolated compounds were recrystallized with the carrier there 
was no significant change in specific activity. It can be caleu- 
lated from these results that there was no significant dilution of 
either compound in the rats. The vield of free 8-hydroxyquinal- 
die acid from the xanthurenic acid was 5 per cent based on re- 
covery of radioactivity and 4.5 per cent based on the analytical 
method. 


The results obtained in these studies leave little doubt that 
xanthurenic acid was metabolized by the rat to 8-hydroxy- 
quinaldie acid which is a new natural product. It would seem 
that Rothstein and Greenberg (4) did not find 8-hydroxyquinal- 
dic acid because they collected urine for 24 hours or less after 
intraperitoneal injection of xanthurenic acid-4-C™. In the pres- 


ent studies only 0.2 per cent of the Ci of an intraperitoneal dose 
of xanthurenic acid-4-C™ was recovered in the urine as hy- 
droxyquinaldic acid-C™ during the first 24 hours. During the 
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next 48 hours, however, over 2 per cent of the CW was recovered 
in S-hydroxyquinaldic acid. 

Although the yield of free 8-hydroxyquinaldic acid from xan- 
thurenic acid was small, the fact that it was possible to detect 
several additional fluorescent spots on paper chromatograms of 
rat urine after administration of 8-hydroxyquinaldie acid and 
the fact that similar spots were detected in the urine after admin- 
istration of xanthurenic acid suggests that considerable 8-hy- 
droxyquinaldic acid may be further metabolized or conjugated. 
Thus the extent of the conversion of xanthurenic acid to 8-hy- 
droxyquinaldic acid may be much higher than the present stud- 
ies would indicate. The site and mechanism of the conversion 
of xanthurenic acid to 8-hydroxyquinaldic acid remain unknown. 

The procedure used for the determination of 8-hydroxyquinal- 
die acid in rat urine cannot be recommended for routine use, 
chiefly because it was exceedingly time consuming. Further- 
more, so little free 8-hydroxyquinaldic acid was present in nor- 
mal rat urine that the ultraviolet light absorption of the final 
solutions was very low. Following the administration of xan- 
thurenic acid, however, the analyses revealed that the excretion 
of 8-hydroxyquinaldie acid always increased 40-fold or more, so 
that the analyses could be considered reasonably reliable. Fur- 
thermore, in experiments with xanthurenic acid-4-C™ radioactiv- 
ity could be isolated in such quantities of 8-hydroxyquinaldic 
acid-C“ of constant specific activity as to indicate that the 
analytical method must have yielded results which were approxi- 
mately correct. 

Since kynurenic acid was shown to be dehydroxylated to 
quinaldic acid (5) the dehydroxylation of 4-hydroxyquinoline 
derivatives may be a general biochemical reaction. However, 
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when 4,8-dihydroxyquinoline-4-C™ was administered to a rat 
and carrier 8-hydroxyquinoline was added to the urine and then 
reisolated, no radioactivity could be detected in it? so it would 
seem that 4,8-dihydroxyquinoline was not dehydroxylated. 

A similar dehydroxylation reaction was recently described by 
Harary (15) who isolated a microorganism that was capable of 
converting 6-hydroxynicotinic acid to nicotinic acid. The 4-hy- 
droxyl group of quinoline compounds has many properties simi- 
lar to those of 2- or 4-hydroxyl groups of pyridine derivatives 
(16) and thus differs from the true phenolic hydroxy! groups. 


SUMMARY 


When xanthurenie acid was administered orally to rats it was 
possible to isolate crystalline 8-hydroxyquinaldic acid from the 
urine. The excretion of free 8-hydroxyquinaldic acid was maxi- 
mal on the second day after the ingestion of xanthurenic acid. 
When xanthurenic acid-4-C™ was administered to rats orally or 
intraperitoneally the 8-hydroxyquinaldic acid isolated with car- 
rier was radioactive, which indicated that the xanthurenic acid 
had been dehydroxylated in the 4 position. Although only 
about 2 to 4 per cent of the xanthurenic acid administered could 
be accounted for by an increase in the excretion of free 8-hy- 
droxyquinaldic acid, several additional spots could be seen on 
paper chromatograms of the whole urine. Since similar spots 
could be detected in the urine of rats which had ingested 8-hy- 
droxyquinaldie acid it would seem that the latter was either 
conjugated or further metabolized to a considerable extent. 


Acknowledgment—The authors wish to thank Mrs. Marian 
Prahl for valuable assistance with the analytical work. 
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VIII. HETEROGENEOUS LABELING IN RIBONUCLEIC ACID OF RAT LIVER“ 
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Previous studies have shown that rat liver homogenates and 
various subcellular fractions obtained from them are capable 
of incorporating radioactivity from orotic acid-6-C" into RNA. 
(2, 3), and they establish that the incorporated radioactivity is 
present exclusively as uracil nucleotides. There was also an 
indication that losses of radioactivity occurred at later stages 
of the incubation. It was hoped that further study of this 
system might give some insight into the reasons for this loss 
and extend our knowledge to the point where net synthesis could 
be realized and the mechanism of the incorporation understood. 
These ultimate objectives have not yet been achieved, but it 
has been demonstrated that the tendency to lose labeled uracil 
moieties depends on the conditions under which the RNA was 
originally labeled. Furthermore, it had been shown that the 
loss of radioactivity is not accompanied by a proportional 
decrease in the amount of RNA, and this indicates that the 
incorporated radioactivity is not uniformly distributed in the 
RNA molecule. It has also been found that there is a stimula- 
tion of incorporation when homogenates are aged at 0° before 
incubation. 

METHODS 


General Conditions—In these experiments, the livers from 
180 to 250 gm. male rats (Holtzman Rat Company, Madison, 
Wisconsin) were excised, weighed, coarsely minced with scissors 
to facilitate homogenization, and homogenized in fresh 0.25 
M sucrose to give a 20 per cent homogenate. In some experi- 
ments, regenerating livers from rats which had been partially 
hepatectomized (4) 20 to 33 hours previously were used? Be- 
fore use, the 20 per cent homogenates were diluted 1:1 with a 
solution which contained the following concentrations of co- 
factors, substrates, and sucrose (mM): fumarate 6, glutamate 20, 
- pyruvate 20, phosphate buffer (pH 7.4) 20, magnesium chloride 
6, ATP 0.8, fructose 12, and sucrose 200. The initial pH of 
this solution was within a 7.0 to 7.4 range, as indicated by pH 


* A preliminary report of some of this work has appeared (1). 
This work was supported in part by a grant (C-646) from the 
National Cancer Institute, National Institutes of Health, United 
States Public Health Service. 

t Present address, Department of Biochemistry, American Uni- 
versity of Beirut, Beirut, Lebanon. 

1 The abbreviations used are: RNA, ribonucleic acid; DNA, de- 
oxyribonucleic acid; ATP, adenosine triphosphate; Tris, tris(hy- 
droxymethy])aminomethane; AMP, adenosine monophosphate. 

2 Herbert et al. (3) found that homogenates of regenerating rat 
liver tissue incorporate radioactivity into RNA at approximately 
the same rate as normal liver. These findings were confirmed in 
the course of the present work. 


was added to give a final value of 125,000 c.p.m. per ml. in 
every experiment. The specific activity of orotic acid that 
was used varied from 7.1 X 10° to 1.5 x 10* ¢.p.m. per umole? 

Homogenization consisted of 5 to 10 passes in a glass-to-glass 
Potter-Elvehjem type homogenizer. After dilution as indicated 
above, the incubation mixture was placed in Erlenmeyer flasks 
which were loosely plugged with cotton and vigorously shaken 
in a water bath at 30°. Depending on the total number of 
aliquots necessary in a given experiment, 4 to 8 ml. of incubation 
medium was incubated in 50 ml. flasks, or 10 to 12 ml. of the 
medium in 125 ml. flasks; and | or 2 ml. aliquots were removed 
at each time point, as required. This variation in the size of 
the aliquots and flasks was required in order to maintain optimal 
aeration (cf. “Results” and (6)). In any given experiment, 
conditions were equivalent from flask to flask, and incorporation 
in different experiments was of the same order of magnitude, 
no matter what combination of these variables was employed. 

Extraction and Analysis of Nucleic Acids—Samples were 
precipitated at the end of an incubation with 1 to 2 volumes of 
0.4 ns perchloric acid. The precipitated tissue was washed 
two to three times with 0.4 N perchloric acid, suspended in 7 
ml. of 10 per cent NaCl, and neutralized with KOH using an 
internal phenol-red indicator. All samples were kept in an 
ice bath up to this point, and resuspensions were made with the 
aid of a motor-driven plastic pestle which fitted loosely into 
the round-bottom tubes that were used. The NaCl suspension 
of nucleoprotein was then heated at 100° for at least 20 minutes 
in order to extract the nucleic acid from the proteins. After 
centrifugation to remove the protein, the sodium nucleates 
in the supernatant liquid were precipitated with 1.5 volumes 
of 95 per cent ethyl alcohol, and after standing at least 2 hours 
at room temperature, they were sedimented by centrifugation. 
In order to remove traces of NaCl and possible contamination 
with radioactive nucleotides, the precipitate was resuspended 
in 95 per cent ethanol and heated at 60-70° for at least 15 min- 
utes. After centrifugation, the precipitate was briefly heated 
at 100° to drive off most of the alcohol, dissolved in 0.1 N am- 
monium hydroxide, and then clarified by centrifugation. Kli- 
quots of the resulting sodium nucleate solution were taken 


* In the experiments described, four different batches of orotic 
acid-6-C"™ were used. These were obtained either from Tracer 
lab, Inc., Boston, Mass., or were synthesized in this laboratory 
(5). Radioactivity measurements were made in internal gas-flow 
counters which give II X 10* ¢.p.m. per wc. The assistance of 
Dr. Charles Heidelberger and his staff in the determination of 
radioactivity is gratefully acknowledged. 
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for plating and for nucleic acid analysis, as previously described 
(7). Since there was no detectable incorporation of radioactivity 
from orotic acid-6-C" into DNA (J), it was not necessary to 
separate the RNA and DNA before counting the samples. 
Fractionation of Homogenates— Homogenates were fractionated 
by centrifugation at 600 x g in order to give a nuclear pellet 
which was resuspended in an equal volume of 0.25 M sucrose 
and then recentrifuged. The supernatant liquids resulting 
from these steps were combined and designated as the 3S, frac- 
tion. Centrifugation of the 8. fraction at 5000 x g for 10 
minutes produced a pellet of mitochondria and a second super- 
natant fraction (referred to as the 8, fraction). Microsomes 
were sedimented from the 8, fraction by centrifugation at 
105,000 x g for 60 minutes. 


RESULTS 


Factors which Affect Incorporation—A study was made of some 
of the factors which might affect incorporation in the homog- 
enate system. It was found that doubling the amount of 
radioactive orotic acid increased the specific activity of the 
resulting RNA by a factor of only 1.2, and this indicates that 
it would not be a practical modification for use in routine ex- 
periments. It was also found that 2.5 and 20 per cent homog- 
enates incorporate radioactivity very poorly, and that 5 and 
15 per cent homogenates are slightly more active. The inter- 
mediate 10 per cent homogenate was found to be better than 
the other concentrations (Fig. I).“ 

In four experiments, aliquots of a homogenate made with as 
little homogenization as possible were compared with aliquots 
of the same homogenate that were taken after increasing amounts 
of homogenization. In all cases, the amount of incorporation 
was not altered by increase of the number of passes made with 
the homogenizer. This indicates that the incorporation ob- 
served is not due to whole cells, because incorporation would 
be expected to decrease with increasing homogenization if this 
were the case. 

It has been demonstrated (6) that the volume of the reaction 
medium and the size of the flask affect the incorporation. This 
study has been extended to Warburg flasks with different 
volumes of reaction medium and to 40 ml. round-bottom centri- 
fuge tubes with 1 ml. of medium. In both cases, incorporation 
was less than for samples that were incubated in 50 ml. Erlen- 
mever flasks. In the case of the Warburg flasks, incorporation 
was stimulated by the use of an oxygen atmosphere which 
indicated that lack of oxygen was a limiting factor. In 50 ml. 
Erlenmever flasks, oxygen was observed to inhibit incorporation 
slightly. These data, as well as the previous results (6), indicate 
that there is an optimal amount of oxygen required, and that 
excess oxygen is detrimental to incorporation. No incorporation 
occurs in an atmosphere of nitrogen. 

Stimulation of Incorporation by Aging Homogenates at 0°—It 
was observed that if homogenates are allowed to stand at 0° 
before incubation, the ability to incorporate radioactivity is 
increased (Fig. 2). The amount of stimulation increases to a 


‘Only a very small fraction of the added radioactivity is in- 
corporated into RNA. The incubation mixture always contains 
125,000 ¢.p.m. of orotie acid-6-C™ per ml. and approximately 
0.6 mg. of RNA per ml. Thus, when a specific activity of 400 
¢.p.m. per mg. RNA is obtained, only 240 of the 125,000 ¢.p.m. 
in each ml. have been incorporated into the RNA (approximately 
0.2 per cent of the radioactivity present). 
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Fic. I. Incorporation of orotic acid-6-C™ by homogenates of 
various concentrations. Homogenates at the final concentra- 
tions indicated were incubated with orotic acid-6-C™ for the 
length of time shown on the abscissa. Samples were removed at 
intervals, and the specific activity of RNA which was observed 
is plotted on the ordinate as e. pm. per mg. of RNA. 


Fic. 2. Stimulation of the incorporating system by aging at 
0°. A whole homogenate and an 8, fraction (S,-B) were aged 
at 0°. Aliquots were removed at the times indicated on the ab- 
scissa, diluted (see Methods), and incubated for 45 minutes. 
The specific activity of the RNA in each diluted aliquot at the 
end of the incubation is plotted on the ordinate as ¢.p.m. per mg. 
of RNA. The line labeled 8,-A represents an S, fraction isolated 
from the aged homogenate at the times indicated on the abscissa 
and incubated, as described above, for 8, B. 


maximum on standing from 0 to 6 hours, and there is a slow 
loss of activity during the period between 6 and 24 hours of aging. 
Both whole homogenates and the 8, fraction isolated after 
the homogenate has been aged are stimulated in this way. In 
addition, the activity of an isolated S, fraction can be enhanced 
by aging, and this indicates that the process does not depend 
on the presence of nuclei during the aging period. 

In one experiment, mitochondria from aged homogenates 
(7 hours at 0°) were mixed with the 8: fraction from fresh homog- 
enates and vice versa. Controls were a reconstituted S, frac- 
tion made from freshly prepared 8, and fresh mitochondria, and a 
second reconstituted S, fraction made from aged S; and aged 
mitochondria. The experimental procedure was designed in 
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Fic. 3. The effect of aging various cell fractions on the uptake 
of orotic acid-6-C™ into RNA. Combinations of aged mitochon- 
dria (MA), fresh mitochondria (MF), aged S. (S. A), and fresh 
S1 (S,F) were tested for the incorporation of radioactivity into 
RNA. The'aged fractions were isolated from homogenates which 
had been activated by standing 7 hours. All combinations were 
incubated at the same time and aliquots were removed at the 
time indicated on the abscissa. The specific activity of RNA 
observed for the various combinations is plotted on the ordinate 
as c.p.m. per mg. of RNA. 
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Fic. 4. The effect of ribonuclease added during the incubation 
of rat liver homogenates with orotic acid-6-C™. Ribonuclease 
solutions were added to separate flasks at time zero, and samples 
were taken after incubation for the length of time indicated on 
the abscissa. The specific activity of the RNA was determined 
at each time and is shown on the ordinate. The letters represent 
the following concentrations of ribonuclease (ug. per ml. of incu- 
bation mixture): A, 0.001; B, 0.01; C, 0.1; D, 1.0; E, 10; and F, 100. 


such a way as to minimize all possible effects other than the 
increased rate of incorporation caused by aging, and the results 
are believed to be strictly comparable. It can be seen from 
the data (Fig. 3) that the fresh Si preparation was the least 
active and that the S. prepared from aged 8. and aged mito- 
chondria was the most active. Mixtures of aged mitochondria 
with fresh S: and of fresh mitochondria with aged 8. showed 
values intermediate between the two controls. These data 
indicate that both the S, fraction and the mitochondrial fraction 
are stimulated by aging, and that the effects are additive. 
Different concentrations of homogenates have also been 
tested for the aging effect. When 10 per cent homogenates are 
aged for 1.5 hours, they show a decreased ability to incorporate 
radioactivity into RNA, which is possibly the result of a loss of 
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cofactors from active sites by dilution. However, the activity 
of 20, 30, and 40 per cent homogenates was significantly en- 
hanced by this brief aging. In each case, the homogenate 
was diluted with an equal volume of the reaction medium just 
before the beginning of incubation (see Methods“). 

It was considered possible that endogenous ribonuclease might 
hydrolyze a portion of the RNA during aging, and that this part 
of the RNA was resynthesized during incubation. This pos- 
sibility was tested by the addition of ribonuclease (Nutritional 
Biochemicals Corporation) in final concentrations ranging from 
0.001 to 100 yg. per ml. during the incubation and measurement 
of the specific activity of RNA at different intervals. The 
results (Fig. 4) show that there was a 32 per cent stimulation 
observed at the 1 yg. per ml. concentration, which indicates 
the possible participation of ribonuclease in increasing the ac- 
tivity of aged homogenates. Concentrations of 10 and 100 yg. 
per ml. gave 60 and 82 per cent inhibition of incorporation, 
respectively. Concentrations of less than 1 yg. per ml. gave 
less than 20 per cent stimulation. 

Phases of Incorporation and Reaction Conditions—Examina- 
tion of Figs. 1 to 4 indicates that there are two distinct phases 
during each incubation. For the first 45 to 60 minutes, radio- 
activity from orotic acid-6-C™ is incorporated into RNA, and 
the specific activity increases. After this time, however, the 
specific activity of the RNA is always observed to decrease. 
This pattern has been observed previously (3, 8), and it does 
not appear to be affected in any way by Tris or glycyl-glycine 
buffers. These were both tested at final concentrations of 20 
and 40 m of final reaction mixture. Phosphate, however, 
permits maximum incorporation only at 5 and 10 ymoles per 
ml. At concentrations of 0 and 20 mu, submaximal incorpora- 
tion was noted. Still another effect that is observed with 
phosphate buffers is that at higher concentrations (40 mu) and 
slightly alkaline pH (7.7), the decrease in specific activity usually 
observed after 45 minutes is prevented, and values after 120 
minutes of incubation are higher than at 45 minutes. This 
result is not observed under the usual incubation conditions of 
10 mo of phosphate buffer at pH 7.2. These observations may 
be due to the inhibition of dephosphorylation of the nucleotides 
which is known to occur during incubation of the whole homog- 
enate (unpublished data). 

Incubation of Microsomes Containing Labeled RN A—It was 
previously shown that microsomal RNA which had been labeled 
in vitro in a whole homogenate that contained orotic acid-6-C" 
rapidly lost radioactivity when reincubated in a similar system 
in the absence of the labeled precursor (6). This study has 
now been extended to microsomes isolated from slices after 
they were incubated with radioactive orotic acid for 150 min- 
utes. The data are presented in Fig. 5 where it may be seen 
that the specific activity of the RNA that is present in the micro- 
somes decreases during incubation, but it increases at a rate 
less than that previously observed for microsomal RNA labeled 
in homogenates (cf. 6). Although the specific activity decreases 
markedly during incubation, there is no significant change in the 
total amount of RNA present in the homogenate. 

Microsmal RNA labeled in rivo has also received further study. 
Previously (6) it was found that microsomal RNA isolated from 
a rat 24 hours after injection of orotic acid does not show a 
decrease in specific activity when the isolated microsomes. are 
incubated in the homogenate system. It has since been found 
that microsomes isolated 3 hours after injection give results 
similar to those obtained 24 hours after injection, and no de- 
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Fic. 5. Decrease in specific activity of microsomal RNA pre- 
viously labeled in slices. Microsomes were isolated from 1.0 to 
1.3 gm. of rat liver slices after 2.5 hours of incubation with orotic 
acid-6-C". These microsomes were then incubated (with radio- 
active orotic acid omitted) in a normal rat liver homogenate sys- 
tem (10 per cent final concentration, not including microsomes) 
for the length of time indicated on the abscissa. The specific 
activity of the microsomal RNA is plotted on the left ordinate in 
terms of c.p.m. per mg. of RNA, and the amount of RNA in 1 ml. 
aliquots removed at indicated times is given on the right ordinate 
as milligrams of RNA per aliquot. Slices were obtained from 
normal rat liver or from the liver of rats which had been partially 
hepatectomized 30 hours before sacrifice (regenerating livers). 


crease in specific activity can be observed. However, if the 
microsomes were isolated 10 or 30 minutes after injection (Fig. 
6), the specific activity of RNA decreased when they were 
incubated in the usual homogenate system. 

In all cases, the microsomal RNA was isolated and purified 
before specific activity measurements were made so that any 
radioactive acid-soluble compounds that might be present in 
the isolated microsomes would not affect the results. When 
the radioactivity of the microsomal RNA decreased, it passed 
into an acid-soluble form which consisted of uracil and uridine 
after 30 to 45 minutes of incubation. Owing to the presence 
of phosphatases in the medium, nucleotides which might be 
the primary products of the breakdown would not be expected 
to accumulate, and could not be detected. 

LePage (9) has shown that the presence of ATP tends to 
prevent the breakdown of RNA in homogenates. For this 
reason, two attempts have been made to prevent the decrease 
in specific activity by the addition of ATP (initial concentration 
of 4 mu) during incubation of microsomes isolated from homog- 
enates that had been incubated with radioactive orotic acid. 
In neither case was the decrease in specific activity prevented, 
and in one case, the decrease appeared to be slightly accelerated 
by the presence of ATP. The reason why the addition of ATP 
fails to prevent the decrease in specific activity is not known 
at the present time. 

Evidence for Intramolecular Heterogeneity of RNA—The 
fact that the specific activity of the RNA decreased without any 
significant change in the total amount of RNA indicates that 
the radioactive nucleotides must be joined to the nucleic 
acid by linkages that are more labile to biochemical hydrolysis 
than the rest of the nucleotide linkages. It is possible to demon- 
strate that these same linkages are also more labile to hydrolysis 
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Fic. 6. Decrease in specific activity of microsomal RNA la- 
beled in vivo. Conditions are the same as in Fig. 5, except that 
the microsomes which were added to the homogenate system at 
T. were isolated from rat liver 10 or 30 minutes postinjection 
P. I.) of orotic acid-6-C™, 


Fic. 7. Decrease in specific activity of RNA during acid hy- 
drolysis. Samples of whole homogenate were precipitated with 
0.4 & perchloric acid after 45 minutes of incubation in the stand- 
ard system (see the Text). The abscissa indicates the number of 
days one group of the precipitated samples (dotted line) was 
hydrolyzed in the cold (ice), and at the same time, indicates the 
number of hours a second group of samples (broken line) was 
hydrolyzed at room temperature (R.T.). The specific activity 
of the RNA isolated after various intervals of standing is plotted 
on the left ordinate in terms of c.p.m. per mg. of RNA. An ex- 
ample of the extent of hydrolysis obtained is indicated for the 
samples that were hydrolyzed at room temperature. For this 
set of samples, the milligrams of RNA which could be isolated at 
various times is indicated on the right ordinate, and the values 
are given as solid circles (solid line). 


in acid. In the experiment shown in Fig. 7, samples of RNA 
were allowed to stand in 0.4 & perchloric acid at 0° and at room 
temperature for increasing lengths of time. At selected intervals, 
samples were removed and analyzed for total content and specific 
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activity of the remaining RNA. It can be seen that as the 
amount of RNA decreased, the specific activity of the remaining 
RNA also decreased. 


DISCUSSION 


The present experiments clearly show that the labeling of 
RNA in rat liver homogenates with radioactivity from orotic 
acid-6-C™ is the result of two opposing processes. During the 
early part of an incubation, labeled uracil nucleotides (3) are 
incorporated into the RNA molecule, and, later, these same 
nucleotides are removed. It is possible that polynucleotide 
phosphorylase (10, 11) or ribonuclease (12), or both, are in- 
volved in these processes. 

Whatever type of enzyme is involved, it has been established 
that the splitting off of radioactive nucleotides from labeled 
RNA occurs preferentially. This was shown in the microsomal 
incubation experiments where there was a marked decrease in 
the specific activity of the RNA, although no significant decrease 
in the total amount of RNA was observed. The fact that 
the specific activity of the RNA can be changed markedly either 
up or down without any significant change in the absolute amount 
of RNA, suggests that the RNA molecules are not labeled in a 
homogeneous fashion. Further evidence for the heterogeneity 
of the labeled RNA is the finding that the specific activity of 
RNA decreases with the increasing amount of hydrolysis by 
acid. If the linkages between the average nucleotides in the 
nonradioactive RNA molecules were identical with the linkages 
by which the radioactive nucleotides are attached, then the 
specific activity of the nucleic acid should not be changed during 
hydrolysis because the radioactive and nonradioactive nu- 
cleotides would be lost at the same rate. Other workers have 
obtained evidence for intramolecular heterogeneity of RNA 
(13, 14). 

This nonhomogeneous labeling is apparently not due to 
terminal labeling as in the case of AMP (8, 15-18), since most 
of the label has been recovered as 2’ and 3’ uridylic acid after 
hydrolysis with NaOH (3), and this seems evident even when a 
preliminary phosphatase treatment is employed to remove 
2’ or 3’ phosphate groups that might be attached to the terminal 
nucleotide of RNA chains (unpublished experiments of Dr. 
L. I. Hecht). However, it is possible that the radioactive uridine 
nucleotides are attached to the terminal positions initially, but 
that the attachment of nonradioactive nucleotides to the same 
end of the polynucleotide chain follows immediately and gives 


the appearance of nonterminal labeling. 
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It is suggested that this sequential attachment to the end of 
the chain is responsible for the results obtained with the in- 
cubation of microsomes that have been labeled in vivo. At 
short periods after injection of radioactive orotic acid, the radio- 
active nucleotides are still near the end of the polynucleotide 
chain and can be easily removed when the microsomes are 
isolated and incubated in vitro. At longer times after the in- 
jection, the removal of a few nucleotides from the end of the 
chain has very little effect on the specific activity of the micro- 
somal RNA, because a large number of nonradioactive nu- 
cleotides have been added to the same end of the chain after the 
attachment of radioactive nucleotides. It is further proposed 
that in slices and homogenates, the incorporation of nucleotides 
proceeds by the same mechanism as the incorporation in vivo 
and that the explanation given for the delabeling of microsomal 
RNA isolated from rat liver 10 or 30 minutes after injection of 
orotic acid also applies to the systems in vitro. 

SUMMARY 


1. A number of factors which affect the incorporation of orotic 
acid-6-C™ into the RNA of rat liver homogenates have been 
investigated. 

2. The incorporation of radioactivity is increased by aging 
homogenates and various fractions obtained from them at 0° 
before incubation. The activity increases during the first 6 
hours of aging, and then decreases slowly during the next 18 
hours. 

3. When microsomes are isolated from slices of rat liver that 
have been incubated with orotic acid-6-C™, they are found to 
contain labeled RNA which loses radioactive nucleotides pref- 
erentially when the isolated microsomes are added to a whole 
rat liver homogenate and incubated. The same results have 
been obtained with microsomes isolated from the livers of rats 
10 and 30 minutes after the animals have been injected with 
orotic acid-6-C™. Microsomes that were isolated 3 or 24 hours 
after injection contain RNA, which does not decrease in specific 
activity during incubation in a homogenate system. 

4. When RNA labeled in homogenates is hydrolyzed with 0.4 
N perchloric acid at 0° or at room temperature, the specific 
activity of the unhydrolyzed RNA decreases with the increasing 
amount of hydrolysis. 

5. The preferential removal of radioactive nucleotides during 
microsomal incubation or acid hydrolysis is considered to be 
evidence for some type of heterogeneous labeling of RNA with 
radioactivity from orotic acid-6-C™. 
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The enzymatic reaction reported here illustrates a unique 
type of hydrolysis of nucleoside triphosphates. This reaction is: 
deoxyguanosine triphosphate (dGTP')—deoxyguanosine + 
tripolyphosphate. The enzymatic hydrolysis of nucleoside 
triphosphates has been known to proceed by removal of ortho- 
phosphate or pyrophosphate (1-3), but it has not been shown 
previously to occur by cleavage of a tripolyphosphate group. 
In fact, although tripolyphosphate has been found in cell ex- 
tracts, only one biochemical reaction was known for its produc- 
tion, namely, the reaction catalyzed by adenylate kinase (myo- 
kinase) (4): ADP + pyrophosphate—AMP + tripolyphosphate. 

The enzyme that splits tripolyphosphate from dGTP hy- 
drolyzes GTP similarly, but at a lower rate. The enzyme was 
discovered during the study of the deoxyribonucleic acid syn- 
thesizing system (“polymerase”) of Escherichia coli (5), when 
it was found that dGTP was destroved during incubation with 
certain “polymerase” fractions. Some properties of the enzyme, 
the identification of the reaction products, and a partial purifi- 
cation of the enzyme are described below. 


EXPERIMENTAL 


Materials and Methods—The deoxynucleoside triphosphates 
of guanine, adenine, cytosine, uracil, and thymine labeled with 
Pr in the acid-stable phosphate group were prepared by methods 
given elsewhere (5). GDP and GTP were purchased from the 
Sigma Chemical Company; the GTP was purified by ion exchange 
chromatography (6) by the procedure described for dGTP (5). 
Sodium tripolyphosphate was a product of the Victor Chemical 

Company, and crystalline bovine serum albumin was obtained 
from Armour and Company. Inorganic pyrophosphatase was a 
gift from Drs. XI. Kunitz and G. Perlmann. Acid-labile phos- 
phate was determined by the Fiske-Subbarow method (7) 
after treating the samples in 1 N HCI for 7 minutes at 100°. 
Protein was determined by the method of Lowry et al. (8). 


The diphenylamine reaction of Dische (9) was used to deter- 


mine deoxypentose. Measurements of radioactivity were made 

with dried samples in a gas-flow counter. Ultraviolet absorption 

was measured in the Beckman model DU spectrophotometer. 
Enzyme Assay—For the assay of enzyme activity, dGTP 
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labeled with P® in the acid-stable phosphate group was used 
as the substrate. The addition of Norit at the end of the reac- 
tion period made it possible to measure the cleavage of the dGTP 
at the sugar-phosphate bond, since deoxyguanosine and un- 
reacted dGTP® adsorb to the Norit (10), whereas the non- 
nucleotide phosphate remains in solution. The amount of non- 
nucleotide phosphate may then be determined by centrifuging 
the mixture and measuring the radioactivity of the supernatant 
fluid. The assay obviously does not indicate whether the non- 
adsorbed label is in tripolyphosphate, deoxyribose phosphate, 
or pyro- or orthophosphate. 

The assay mixture was made up as follows: 20 umoles of 
glycine buffer (pH 8.5), 2 umoles of MgCl, 0.005 umoles of 
dGTP®, and enzyme and water to a volume of 0.3 ml. The 
reaction tube was placed in a 37° water bath for 20 minutes. 
Then 0.4 ml. of a cold albumin-tripoly phosphate solution mixture 
(1.5 mg. of albumin and 2.1 mg. of sodium tripolyphosphate 
per ml.) was added, followed by 0.2 ml. of cold 0.1 ~ HCl and 
0.1 ml. of an acid-washed Norit suspension (20 per cent by 
volume): Control mixtures were made up in the same way, 
except that the enzyme was added after the addition of HCI. 
After centrifugation, 0.5 ml. of the liquid was assayed for radio- 
activity. | 

1 unit of enzyme is defined as that quantity which splits 1 
umole of dGTP in the assay period (20 minutes). 

Under the assay conditions, the extent of reaction was propor- 
tional to the amount of enzyme added. For example, 0.02, 
0.05, 0.10 and 0.20 ml. of a diluted enzyme solution (1.74 yg. 
per ml.) produced 0.17, 0.47, 0.88, and 1.5 wmoles of unadsorbed 
phosphate. No reaction was detectable in the absence of MgCh:. 
The activities at pH 7.5, 8.0 and 8.5 were the same, and at pH 
9.2 the rate was 70 per cent of this. 


RESULTS 


Enzyme Preparation—Crude extracts of E. coli catalyze 
reactions which interfere with the assay of enzyme, for example, 
the stepwise removal of orthophosphate from dGTP. It 
was, therefore, difficult to assess the amount of splitting by 
the enzyme that cleaves the molecule exclusively at the sugar- 
phosphate bond, except in the more purified “polymerase” 
fractions, and these were eventually used to obtain the enzyme 
used in the experiments reported here. 

? It was found that albumin facilitated the complete precipita- 
tion of Norit fines and that the addition of unlabeled tripolyphos- 
phate minimized the error in the determination of Norit- 
nonadsorbable radioactivity, inasmuch as small amounts of 
tripolyphosphate are adsorbed by Norit. 
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Taste I 
Fractionation of enzyme 
% 
I 00.46) 
II (0. 98) 
III (0. 92) 
Vv 3.1 0.6 (22) 
VI 24 3.1 80 
Ethanol“ 19 11 80 
+ 
II 
Balance study of reaction 


1.00 0.00 0.00 0.00 
0.12 0.93 0.87 0.07 
—0.88 +0.93 +0.87 +0.07 


10 ml. mixtures contained 500 uwmoles of glycine (pH 8.5), 50 
umoles of MgCle, 1 umole of dGTP* and 0.9 unit of enzyme; they 
were incubated at 37° for 1 hour, after which aliquots were taken 
to determine the Norit-adsorbable radioactivity remaining 
(dGTP column). The remainder of the mixtures was adsorbed 
on Dowex 1 resin (chloride form, 2 per cent cross-linked, 5 X 1 
em.) and eluted first with 0.01 n HCl, which removed the non- 
radioactive, ultraviolet-absorbing product calculated as deoxy- 
guanosine above, and the radioactive, non-ultraviolet-absorbing 
material calculated as orthophosphate. Then the eluant was 
changed to 0.02 , HCl with 0.20 * KCl, which removed the radio- 
active, non-ultraviolet-absorbing product identified as tripoly- 


phosphate, as described in the text. 
Taste III 
on 250/260, pH 12 260 200. pH 12 
Product............. 1.05 0.69 0.93 0.65 
Guanosine (11) 0.99 0.70 0.89 0.63 
Guanine (11) ........ 1.37 0.84 0.98 1.13 


In Table I are shown the results of assays on the polymerase“ 
fractions (5) and on the purified preparation of enzyme used 
in the experiments for the present report. Assays on the early 
fractions are considered unreliable, as discussed above, and 
values that refer to these are in parentheses in Table I. The 
dGTP-splitting enzyme was prepared from “polymerase” 
Fraction VI as follows: 1 ml. of Fraction VI, at 0°, was mixed 
with 1.0 ml. of potassium phosphate (0.02 u., pH 7.2) and 0.05 
ml. of sodium acetate buffer (I Mu, pH 4.0). Then the vessel 
was placed in a —15° bath and 0.5 ml. of absolute ethanol 
(—15°) was added, with stirring, during a 2 minute period. 
The temperature of the enzyme-ethanol mixture rose to —2°. 
After 1 minute, the mixture was centrifuged for 2 minutes, 
the supernatant fluid was removed, and the precipitate was 
dissolved in 1.0 ml. of potassium phosphate buffer (0.02 u., 
pH 7.2). This solution had an activity of 19 units per ml. and 


11 units per mg. protein. The solution could be dialyzed for 
several hours at 4° (tris(hydroxymethyl)aminomethane, pH 
7.4, 0.02 u) without loss in activity. A dialyzed sample was 
used for those experiments in which orthophosphate was 
determined. 

Products of Reaction—A balance study of the reaction showed 
that the disappearance of dGTP resulted in the formation of 
approximately equimolar amounts of deoxyguanosine and 
tripolyphosphate (Table II). Large-scale mixtures incubated 
for 1 hour, which produced up to 0.93 umole of deoxyguanosine, 
yielded less than 0.1 umole of orthophosphate. The reaction 
products were separated by ion exchange chromatography, 
and their elution was followed by means of P™ analysis and 
measurements of ultraviolet absorption. The first product 


eluted contained no P® and had the absorbancy ratios char- 


acteristic of deoxyguanosine (11) (Table III). This product 
(Experiment 1) contained 0.69 umole of deoxypentose deter- 
mined by the diphenylamine reaction, and the expected value, 
based on the measurement of ultraviolet absorption, was 0.77 
pmole, assuming a molar extinction coefficient of 11.4 at 260 


my for deoxyguanosine (11). 


The P*-containing product cluted by stronger salt did not 


absorb ultraviolet light, and its phosphate was completely 
acid-labile. An aliquot of this solution was compared with a 
sample of authentic tripolyphosphate by chromatographing a 
mixture of the two (84,000 ¢.p.m. mixed with 23.3 yumoles of 
sodium tripolyphosphate) on Dowex I- resin, as described before 
(12). The radioactivity and acid-labile P were eluted from 
the column in parallel in 17 fractions (Fig. 1). The total P® 
in these fractions was 93 per cent of the radioactivity adsorbed 
on the column, whereas 94 per cent of the acid-labile P was 
recovered in the same eluates. 

Specificity and Some Kinetic Properties of Reaction—The 
cleavage of the P®-labeled triphosphates of deoxyuridine, 
deoxyadenosine, deoxycytidine, and thymidine was also in- 
vestigated. Under the assay conditions, 5 mamoles of these 
triphosphates produced 0.07, 0.04, 0.20, and 0.02 mamole of 
nonadsorbable P, respectively. dT tested simultaneously 
produced 3 mymoles, and its splitting was not inhibited by 
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Fic. 1. Chromatogram of tripolyphosphate and Norit-nonad- 
sorbable split-product of dGTP”. The containing Norit- 
nonadsorbable split-product of dGTP” (84,000 e. pm.) was mixed 
with 23.3 wmoles of sodium tripolyphosphate and adsorbed on 4 
Dowex 1 resin column (chloride form, 2 per cent cross-linked, 5 
Xx 1 em.*), and was eluted with 0.02 s HCI containing 0.20 x KCI. 
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Experiment | Time DGT. . phosphate | 
pmoles pmoles pmoles pmoles 
| | 0 1.00 0.00 0.00 
60 0.11 0.77 0.71 
4 | -0.89 | +0.77 | +0.71 
| 
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Fia. 2. Determination of K, for dGTP and X, for GTP. 
Numbers in parentheses on each curve indicate concentrations 
of GTP in mamoles per ml. 


the presence of any one of the above triphosphates. The enzyme 
produced no Norit-nonadsorbable phosphate from GDP. 


i to 3 x 10 GDP in the presence of 0.04 unit of enzyme). 


GDP inhibited the reaction on dGTP"; 3.3 x 10 M GDP 
produced a 50 per cent inhibition, and 6.6 x 10~* GDP pro- 
duced a 60 per cent inhibition. The concentration of dGTP" 
in both experiments was 1.7 X 10M. 

GTP, however, was split by the enzyme and this reaction 
was investigated with unlabeled GTP.“ The maximal rate of 
splitting was 3.5 umoles in 20 minutes per ml. of an enzyme 
preparation which split 8.9 wmoles of dGTP per ml. in 20 min- 
utes. The evidence that tripolyphosphate is also split from 
GTP is the following. A 5 ml. reaction mixture containing 
0.70 umole of GTP and 0.16 unit of enzyme produced 0.74 
umole of Norit-nonadsorbable phosphate (all of which was 
acid-labile) and no measurable orthophosphate (less than 0.01 
umole) during a 1 hour incubation period. The action of 
inorganic pyrophosphatase (13) on this product formed no 
measurable orthophosphate. As a check on the activity of 
this preparation of pyrophosphatase, it was determined that 
the enzyme produced no measurable orthophosphate from com- 
mercial tripolyphosphate, but it formed the theoretical amount 
of orthophosphate (0.23 ymole) when sodium pyrophosphate 
(0.12 umole) was acted on in the presence of the GTP split- 
product. 

Fig. 2 is a plot, according to Dixon's treatment (14) of the 
Lineweaver-Burk plot (15), for the determination of the A,, 
for dGTP. It can be calculated from Experiment A that the 
K. is 2.5 x 10 “ M. Extrapolation of the curve without in- 
hibitor in Experiment B gives the value 2.2 x 10 M. Fig. 
2 also shows the competitive inhibition by GTP; A; values of 
13 x 10° and 0.73 x 10 M were calculated from Experi- 
ments A and B, respectively, by the formula (15): 1/V; = 
1/Vinex (X. + (X.) + 1/Vinax- The X., for GTP 
determined by the plot (14) in Fig. 3 was 1.5 x 10 M. From 
the similarity of the X/ and K. values for GTP, it would appear 
that (GTP and GTP are split by the same enzyme. 


*1 mi. assay mixtures were used in the proportions given for 
the usual assay. The reaction was allowed to run for 1 hour and 
was stopped by adding 0.4 ml. of 0.1 * HCl and 0.1 ml. of Norit. 
After centrifugation, 1 ml. of the supernatant fluid was used to 
determine acid-labile phosphate. 
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Fic. 3. Determination of XK, for GTP. XX, Experiment A; 
@—@ Experiment B. 


The cleavage of nucleoside triphosphate to a nucleoside and 
tripolyphosphate by the enzyme described here is remarkable 
for its uniqueness. It is also of considerable interest that the 
enzyme shows such a high degree of specificity for deoxyguanosine 
triphosphate. None of the other deoxynucleoside triphosphates 
(with the possible exception of deoxycytidine triphosphate) is 
split at a significant rate, and, whereas guanosine triphosphate 
is a substrate, its affinity for the enzyme is only about 2 per 
cent of that of the deoxynucleotide. The physiological implica- 
tions of this reaction are not immediately apparent, and much 
additional information may be necessary before its relevance 
to other metabolic events becomes clear. For example, it 
will be of considerable interest to determine the equilibrium 
of the reaction and particularly to investigate the possibility 
of exchange reactions with ribo- and deoxyribonucleosides, or 
with pyro- or polyphosphates. 

Whether similar enzymatic cleavages of other nucleoside 
triphosphates are to be found in E. coli or other cells is not yet 
known. It should be pointed out that the rather widespread 
occurrence of tripolyphosphatase and the abundance of alterna- 
tive pathways for releasing nucleosides from nucleoside tri- 
phosphates may obscure and complicate the detection of the 
type of cleavage described in this study. 


An enzyme was partially purified from Escherichia coli extracts 
which catalyzes the reaction: deoxyguanosine triphosphate - 
deoxyguanosine + tripolyphosphate. The products of the 
reaction have been isolated and identified. Guanosine tri- 
phosphate is split in a similar way but at approximately 40 
per cent of the rate of deoxyguanosine triphosphate cleavage. 
The K,, for the ribonucleotide is 1.5 x 10 m compared with 
2.5 Xx 10 M for the deoxynucleotide. The enzyme does not 
act upon guanosine diphosphate and reacts little or not at all 
with the deoxynucleoside triphosphates of adenine, uracil, 
cytosine and thymine. 
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Enzymatic Synthesis of Deoxyribonucleic Acid 


I. PREPARATION OF SUBSTRATES AND PARTIAL PURIFICATION OF AN ENZYME FROM ESCHERICHIA COLI 


I. R. Leuman,* Maurice J. Bessman,t Ernest 8. Simms, A&D Auruun KorNBERG 


From the Department of Microbiology, Washington University School of Medicine, St. Louis, Missouri 
(Received for publication, October 10, 1957) 


In considering how a complex polynucleotide such as DNA! is 
assembled by a cell, the authors were guided by the known enzy- 
matic mechanisms for the synthesis of the simplest of the nucleo- 
tide derivatives, the coenzymes. The latter, whether composed 
of an adenosine, uridine, guanosine, or cytidine nucleotide, are 
formed by a nucleotidy! transfer from a nucleoside triphosphate 
to the phosphate ester which provides the coenzymatically active 
portion of the molecule (1, 2). This condensation, which has 
been regarded as a nucleophilic attack (3) on the innermost or 
nucleotidyl phosphorus of the nucleoside triphosphate, results 
in the attachment of the nucleotidy! unit to the attacking group 
and in the elimination of inorganic pyrophosphate. By analogy, 
! 
tion, in this case between a deoxynucleoside triphosphate with 
the hydroxyl group of the deoxyribose carbon-3 of another de- 
oxynucleotide. Alternative possibilities involving other acti- 
vated forms of the nucleotide (as, for example, nucleoside diphos- 
phates which have proved reactive in the enzymatic synthesis of 
ribonucleic acid (4)) were not excluded. 

Earlier reports (1, 2, 5-7) briefly described an enzyme system 
in extracts of Escherichia coli which catalyzes the incorporation 
of deoxyribonucleotides into DNA. Purification of this enzyme 
led to the demonstration that all four of the naturally occurring 
deoxynucleotides, in the form of triphosphates, are required. 
In addition, polymerized DNA and Mg** were found to be 
indispensable for the reaction. Deoxynucleoside diphosphates 
are inert; and as a further indication of the specificity of the 
enzyme for the triphosphates, the synthesis of DNA is accom- 
panied by a release of inorganic pyrophosphate, and reversal of 
the reaction is specific for inorganic pyrophosphate. 

These considerations have led to a provisional formulation of 
the reaction as follows: 


dGP*PP dGP* 
+ DNA = DNA— + 4(n) PP 
dCP*PP 
_dAP*PP_ _dAP* d 


* Fellow of the American Cancer Society. 

Fellow of the National Cancer Institute, Public Health 
Service. 

The following abbreviations are used: ATP, adenosine tri- 
phosphate; dATP or dAPPP, deoxyadenosine triphosphate; 
dCTP or dCPPP, deoxycytidine triphosphate; dGTP or dGPPP, 
deoxyguanosine triphosphate; DNA, deoxyribonucleic acid; 
DNase, deoxyribonuclease; P*, P*-labeled phosphate; P., inor- 


The purpose of this report is to describe in detail the methods 
for the partial purification and assay of the enzyme from E. coli 
and for the preparation of the substrates for the reaction. In 
order to facilitate reference in this report, the enzyme responsible 
for deoxyribonucleotide incorporation is designated as “poly- 
meruse. The succeeding report will present evidence for the 
net synthesis of the DNA and other general properties of the 
system. 


EXPERIMENTAL 


Preparation of Substrates 

Preparation of P®-Labeled Deoryribon ucleotides DNA was 
isolated from E. coli cells grown to a limit on P®-orthophosphate. 
The DNA was then degraded to 5’-mononucleotides, which were 
separated by anion exchange chromatography. 100 ml. of 
glycerol-lactate medium (8) containing 8 X 10~‘m phosphate 
with a specific radioactivity of about 0.3 me. per umole was 
inoculated with 0.1 ml. of a 7 hour broth culture of E. coli strain 
B. After 18 hours growth at 37°, the cells were harvested and 
washed twice with 10 ml. portions of a solution containing 0.5 per 
cent each of KCl and NaCl. The packed cells were suspended 
in 6 ml. of alcohol-ether (3:1), incubated at 37° for 30 minutes, 
centrifuged, and resuspended in 6 ml. of the alcohol-ether solu- 
tion. After centrifugation, the cells were dried over KOH in 
vacuo. The dry powder was then suspended in 3.0 ml. of 1 N 
NaOH, and left for 15 hours at 37°. The turbid, viscous solu- 
tion was chilled to 0° and treated with 1.0 ml. of 5 N perchloric 
acid. The precipitate, collected by centrifugation, was sus- 
pended in 1.75 ml. of water and dissolved by the addition of 
0.25 ml. of IN NaOH. This solution contained approximately 
5 wmoles of purine deoxynucleotides, as judged by deoxypentose 
estimation, and from 90 to 100 per cent of the deoxypentose of 
the original alkaline digest. The DNA was precipitated from 
solution by the addition of 0.23 ml. of 5 & perchloric acid, washed 
with 2 ml. of cold water, and then redissolved in 2 ml. of 0.12 n 
NaOH. This reprecipitation was repeated until the radio- 
activity in the perchloric acid supernatant solution was less than 
0.5 per cent of that in the dissolved precipitate. Usually two to 
three reprecipitations were sufficient. The precipitate was 
suspended finally in 1.0 ml. of water, the pH adjusted to approxi- 
mately 7.5 with IN NaOH, and the volume brought to 2.0 ml. 

Digestion with pancreatic DNase was carried out at 37° in a 
mixture containing 80 umoles of Tris buffer, at pH 7.5, 10 amoles 
of MgCl, and 300 yg. of crystalline pancreatic DNase (Worth- 


ganic orthophosphate; Tris, tris (hydroxymethyl)aminomethane; 
dTTP, dTPPP, thymidine triphosphate. 
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ington Biochemical Corporation) in a final volume of 2.25 ml. 
Aliquots removed at intervals from the digestion mixture were 
precipitated with an equal volume of 1 N perchloric acid in the 
presence of thymus DNA which was added as carrier. 90 to 
100 per cent of the radioactivity was rendered acid-soluble after 
approximately 3 hours. 

The polydeoxyribonucleotides of the DNase digest were 
degraded to mononucleotides by a snake venom phosphodiesterase 
purified free of mononucleotidase (9). The incubation mixture 
(10 ml.) consisted of the DNase digest, 180 wmoles of magnesium 
acetate, 600 umoles of glycine buffer (at pH 8.5), and 50 units 
of snake venom phosphodiesterase (an amount which releases 
mononucleotides from a pancreatic DNase digest of thymus 
DNA at a rate of 50 wmoles per hour). Formation of deoxyribo- 
nucleotide was measured in aliquots by the release of inorganic 
orthophosphate upon incubation with purified 5’-nucleotidase 
(10). Conversion of the DNase digest to deoxyribonucleotides 
was usually complete within 3 hours. The reaction mixture was 
heated in a boiling water bath for 2 minutes; a flocculent precipi- 
tate was separated by centrifugation, washed with 10 ml. of 
water, and then discarded. The supernatant fluid and wash 
were combined and adsorbed on a column of Dowex 1 (chloride 
form, 2 per cent cross-linked, 6.0 X 1.0 em.). The elution rate 
was 0.5 ml. per minute. Deoxycytidylate was eluted between 
12 and 15 resin bed volumes of 0.002 n HCl, after which the 
eluant was changed to 0.01 n HCl. Deoxyadenylate appeared 
in the next 5 to 6 resin bed volumes. The eluant was changed to 
0.01 n HCl containing 0.05 M KCl, and then deoxyguanylate and 
thymidylate were eluted together in approximately 3 resin bed 
volumes. The tubes containing the latter fractions were pooled, 
neutralized, and reapplied to a Dowex 1 column (chloride form, 
2 per cent cross-linked, 10.0 x 1.0 em.). Deoxyguanylate was 
eluted between 15 and 20 resin bed volumes of 0.01 * HCl, and 
thymidylate was eluted between 30 and 36 resin bed volumes. 
Approximately 1.5 umoles of each deoxyribonucleotide, with a 
specific radioactivity of about 0.3 mc. per umole, were obtained 
under these conditions. 

Enzymatic Synthesis of Deoxynucleoside 5'-Triphosphates— 
The P**-labeled deoxyribonucleotides isolated as described above 
and the unlabeled nucleotides obtained from the California 
Foundation for Biochemical Research were converted to the 
triphosphates by enzymes partially purified from E. coli. The 
preparation and assay of these kinases, and the synthesis and 
isolation of the triphosphates are decribed below. 

1. Assay of Deorynucleotide Kinase—-This assay measures the 
conversion of a P®-labeled deoxynucleotide that is susceptible to 
the action of semen phosphatase to a form that is resistant to 
the phosphatase. Adsorption on Norit is used to distinguish 
between the phosphate that is liberated from the nucleoside and 
that which is bound to it. The assay consists of three stages 
(Scheme I). 

In a control incubation, from which enzyme was omitted in 
Stage I, no radioactivity was found adsorbed to the Norit, 
whereas with an excess of the deoxynucleotide kinase, all the 
radioactivity was accounted for in the Norit precipitate. A unit 
of enzyme was defined as the amount that converts 100 myumoles 
of deoxynucleotide to a phosphatase-resistant form in 1 hour 
under these assay conditions. The reaction rate was propor- 
tional to the amount of enzyme added; with 0.005, 0.01, and 
0.02 ml. of streptomycin fraction (Table I), there were obtained 
3.92, 4.33, and 4.38 units per ml., respectively. 
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Stage Reagent Reaction 
I Deoxynucleo- ATP 
tide kinase.. Deoxynucleoside- ““! 
deoxynucleoside -P*-P-(P) 
II | Phosphatase 
(monoester- 
ase) in ex- 
Deoxynucleoside no change 
III | Norit, in ex- | 
Radioactivity Radioactivity 
unadsorbed adsorbed 
Scueme I 


In Stage I, the incubation mixture (0.25 ml.) contained 2 umoles 
of ATP, 4 moles of MgCls, 16 mamoles of P*-labeled deoxynu- 
cleotide (0.5 to 1 X 10% c.p.m. per zmole), 0.05 to 0.2 unit 
of enzyme, and 10 wmoles of Tris buffer (pH 75). After incubation 
at 37° for 20 minutes, 0.5 ml. of water was added, the tube was 
immersed in boiling water for 2 minutes, and then was chilled in 
an ice bath. In Stage II, 4 moles of MgCl, (0.04 ml.), 100 umoles 
of sodium acetate buffer, at pH 5.0, (0.1 ml.), 0.2 mole of unlabeled 
deoxynucleotide (0.02 ml.), and 50 units of human semen phos- 
phatase (0.02 ml.) (11) were added to the mixture, which was then 
incubated at 37°; after 15 minutes it was chilled. In Stage III, 
0.1 ml. of cold 2 , HCl and 0.15 ml. of a Norit suspension (20 per 
cent packed volume) were added and shaken for 2 to 3 minutes 
with the incubation mixture. The Norit precipitate was collected 
by centrifugation, washed three times with 2.5 ml. portions of 
cold water, and suspended in 0.5 ml. of 50 per cent ethanol con- 
taining 0.3 ml. of concentrated ammonium hydroxide per 100 ml. 
The entire suspension was plated and counted. 


2. Purification of Deorynucleotide Kinase—An enzyme prepa- 
ration (partially purified from extracts of E. coli) catalyzes the 
phosphorylation, by ATP, of deoxyadenylate, deoxyguanylate, 
deoxycytidylate, and thymidylate to yield the corresponding 
triphosphates (Table I). The purification procedures were 
carried out at 0° to 4°. Bacterial extract (60 ml. of Fraction I 
as described later for polymerase) was diluted with 30 ml. of 
glycylglycine buffer (0.05 u, pH 7), and 27 ml. of 5 per cent 
streptomycin sulfate? was added slowly as the solution was 
stirred. The suspension was allowed to stand for 5 minutes 
and then was centrifuged for 10 minutes at 10,000 x g. The 
supernatant solution (streptomycin fraction, 115 ml.) was next 
treated with calcium phosphate gel (12) as follows: 66 ml. of gel 
(15 mg. of solids per ml.) was centrifuged and the supernatant 
fluid was discarded. The streptomycin fraction (110 ml.) was 
mixed with the packed gel; after 5 minutes, the suspension was 
centrifuged, and the supernatant solution was collected (calcium 
phosphate gel fraction, 113 ml.). This fraction (108 ml.) was 
added to the packed residue from 45 ml. of alumina Cy gel (13) 
(15 mg. of solids per ml.). The gel was thoroughly dispersed, 
and, after 5 minutes, was collected by centrifugation. The 
enzyme was then eluted from the gel with 54 ml. of potassium 
phosphate buffer (0.066 m, pH 7.4) (alumina Cy gel fraction, 
52 ml.). 

The alumina Cy fraction showed no significant loss of activity 
over a 4 month period when stored at —10°. The specific 


2 We are extremely grateful to Merck and Company, Inc., for 
generous gifts of this substance. 
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activity (units per mg. of protein) of a typical enzyme prepa- 
ration, using equivalent levels of deoxyadenylate, deoxyguany late, 
deoxycytidylate, and thymidylate as substrates, was 8.8, 7.1, 


the deoxynucleotides can be obtained by further purification.’ 

3. Enzymatic Preparation of the Triphosphates: dGTP, dCTP or 
dT TP—The reaction mixture (90 ml.) consisted of the following: 
Tris buffer, at pH 7.5, 3 mmoles; MgCl, 300 umoles; cysteine, 50 


kinase, 5 units (14); and the deoxynucleotide kinase (alumina 
Cy gel fraction), 300 units. After incubation at 37° for 2 hours, 
the mixture was heated for 2 minutes in a boiling water bath, and 
was then immediately chilled; the precipitated proteins were 
removed by filtration. 

dATP—The incubation mixture was the same as that de- 
scribed above, except that glyeylglyeine buffer, at pH 7.4, was 
used in place of Tris. 

Although the chromatographic procedures to be described 
effectively separated the excess ATP in the reaction mixture from 
dGTP, dCTP and dTTP, they did not resolve it from dATP. 
ATP was therefore destroyed in the dATP mixture before 


chromatography. 

4. Selective Destruction of ATP—ATP may be selectively de- 
graded in the presence of deoxyribonucleotides by periodate and 
then alkaline treatment, by Whitfeld’s procedure for oligori- 
bonucleotides (15). According to this author, the procedure 
should result first in an oxidation of the ribose and then a cleavage 
of the adenine from the nucleotide. The dATP reaction 
mixture containing 35 umoles of dATP was treated with 175 
pmoles of sodium metaperiodate at 25°. Spectrophotometric 
measurement of periodate reduction (16) indicated that under 
these conditions 90 per cent of the theoretical amount was con- 
sumed within 4 minutes and that the reaction was essentially 
complete within 8 minutes. After incubation for 30 minutes, 
the excess periodate was destroyed by adding 200 umoles of 
glucose and incubating the mixture for 30 minutes at 25°. The 
pH was then adjusted to 10 with glycine buffer (I u, at pH 10.2), 
and the solution was incubated for 12 to 16 hours at 37°. Prior 
to treatment with alkali, it appeared that about 10 per cent of the 
ATP remained, as judged by hexokinase assay (17); however, 
the slow rate of reaction with hexokinase as compared with an 
ATP control (ATP added after the periodate was destroyed by 
glucose) suggests that it was a periodate-oxidation product of 
ATP which reacted with hexokinase or an associated kinase. 
After treatment with alkali, ATP was completely destroyed; 
less than 1 per cent remained, as determined by the hexokinase 
assay. Such an exposure of ATP to alkali without prior perio- 
date oxidation resulted in losses of only 5 per cent or leas. A 


*Further purification procedures developed by Dr. Jerard 
Hurwitz have shown distinct kinases for deoxyguanylate, 
deoxycytidylate, and thymidylate. The presence in E. coli of a 
kinase for deoxyadenylate (very likely adenylate kinase) which 
is distinguishable from these other kinases has been suggested 
(30). Heating of the alumina Cy gel eluate at 100° for 3 minutes 
at pH 7.4 permitted the survival of some kinase activity for de- 
oxyadenylate, whereas that for the other deoxynucleotides was 
completely destroyed. Phosphorylation of deoxynucleotides by 
enzyme preparations from animal (31, 32) and other bacterial 
cells (33) has been reported. 
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Purification of deorynucleotide kinase 
Fraction | Units Protein 4 
total mg./mi. unis ‘mg. 
Extract (Fraction I)..... 918 1 


Streptomycin fraction 
Calcium phosphate gel 


* Using thymidine 5’-phosphate as a substrate. 


more sensitive assay of the removal of ATP involved the use of 
ATP labeled with C in the adenine. After periodate and 
alkaline treatment, the mixture was made 1 N with respect to 
HCl, and passed over a column of Dowex 50-H* resin. Only 
0.6 per cent of the radioactivity passed through the column, 
indicating that 99.4 per cent of the ATP had been degraded to 
adenine, which is quantitatively adsorbed by this resin, whereas 


nucleotides, this procedure did not result in a quantitative 
cleavage of the pyrimidine base from the nucleotide. De- 
terminations by the orcinol method (18) of the DATP isolated 
after ion exchange chromatography have indicated 0.04 to 0.05 
umole of orcinol-reactive material per umole of DATP; the 
significance of this determination is not clear. 

5. Isolation of Triphosphates—The chilled incubation mix- 
tures were adsorbed on Dowex 1 columns (2 per cent cross-linked, 
chloride form, 10 em. X 3.8 em.), and the individual triphos- 
phates were eluted as symmetrical peaks. All fractions were 
neutralized or made slightly alkaline with NH,OH immediately 
upon collection. 

dATP—Elution was begun with 0.01 x HCl-0.08 u LiCl. 
When the adenine resulting from the periodate degradation of 
ATP had been removed completely, dATP was eluted with 
0.01 * HCl 0.2 u LiCl. The fractions between 2 and 4 resin bed 
volumes represented a yield of dATP of approximately 60 per 
cent, based on the amount of deoxyadenylate initially added to 

dGTP—Following the elution of ATP from the column with 
0.01 N HCl-0.1 u LiCl, the dGTP was eluted with 0.01 x HCI- 
0.2 LiCl. This appeared between 11 and 16 resin bed volumes 
of effluent with a yield of about 75 per cent. 

dCTP—The column was first washed with 0.01 n HCl-0.05 
u LiCl to remove any mono- or diphosphates present in the re- 
action mixture. dCTP was eluted with 0.01 * HCI-0.08 M LiCl. 
The fraction between 4 and 12 resin bed volumes of effluent rep- 
resented a yield of triphosphate of about 60 per cent. 

dTTP—After removal of ATP from the column, the dTTP 
was eluted with 0.02 * HCI-0.2 u LiCl, and appeared between 10 
and 18 resin bed volumes of eluate, and about 75 per cent of the 
starting thymidylate was recovered as the triphosphate. 

The triphosphates were concentrated by precipitation as the 
barium salts, then metathesized with Dowex 50-K* resin. A 
typical preparation was carried out in the following manner. 
The ion exchange fractions were pooled (285 ml.). Glycine 
buffer (1 &, at pH 10.2) was added to a final concentration of 
0.01 u, and the solution was adjusted to pH 8.5 by the dropwise 
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Taste II containing 0.60 ymole of inorganic orthophosphate per ml 

Analysis of the deorynucleoside triphosphates (specific activity, 10 we. per amole) were inoculated with 0.1 ml. 

5 por ane of an 18 hour culture of E. coli strain B and then incubated at 

Compound | Base Peony! labile Totale 37°. When the culture reached a level of 2 x 10 cells per ml., 

A250 5260 A280/A260 1 bacteriophage at a multiplicity of 1 was added. Lysis was 

„„ usually complete in 8 to 10 hours with titers of about 4 x 10" 

— 1% 3.0 infectious particles per ml. The bacteriophage was purified as 

3 5 2 described by Herriott (22), with omission of the ‘filtration 
dCTP...... 0.44(0.43) | 2.14(2.12) 1 1.92 3.20 * 

dAT p. 0.77(0.79) 0140.1) 1 o 90 1.82 3.00 through Super-cel, and finally taken up in 0.5 ml. of 0.15 x 

dGTP... 1.14(1.15) | 0.66(0.68) 1 1.08 1.78 | 2.97 NaCl. In order to disrupt the bacteriophage by osmotic shock 

(23), 180 mg. of NaCl was dissolved in the suspension, to which 


The values cited in the literature for the corresponding 5’- 
monophosphates (20) are given in parentheses for comparison. 
dTTP and dCTP were determined at pH 2 and dATP and dGTP 


at pH 7. 
t Hydrolysis was for 10 minutes at 100° in 1 N HCl. In the case 


of dATP and dGTP, 0.65 umole of P per umole of base was sub- 
tracted in order to correct for the hydrolysis of the phosphate 
linked to the deoxyribose; this correction, based on the hydrolysis 
rate of deoxadenylate and deoxyguanylate, is only an approxi- 
mation. Hydrolysis of dATP and dGTP for 30 minutes vielded 
93 to 94 per cent of the total P. 

t Deoxypentose determinations of dTTP and dCTP by the 
cysteine-sulfuric acid method (19) did not yield reproducible 
values. 


§ Chemically synthesized. 


addition of 4s LiOH. 2 ml. of a saturated solution of barium 
bromide and 285 ml. of cold ethanol were added. After 30 
minutes at 0°, the precipitate was collected by centrifugation, 
and was dried in a vacuum desiccator over KOH for about an 
hour. 

The barium salt was dispersed in about 2 ml. of cold water, and 
1 ml. (packed volume) of washed Dowex 50-K* resin was added. 
The suspension was shaken for 15 minutes at 0°, then adjusted to 
a pH of about 6 with 0.5 N HCI, and again shaken for 15 minutes. 
The suspension was then filtered through a sintered glass funnel, 
and the resin was washed with cold water. The combined 
filtrate and washings were neutralized with IX KOH. The 
recovery of the triphosphates from the column effluents by this 
procedure ranged from 90 to 100 per cent. Analyses of the four 
deoxynucleoside triphosphates are presented in Table II. 

6. Chemical Synthesis of dTTP—dTTP was also prepared by 
chemical synthesis‘ according to the method described by Hall 
and Khorana (21) for uridine triphosphate. The calcium salt of 
thymidine 5’-phosphate (1 gm., California Foundation for 
Biochemical Research) was first converted to the pyridine salt 
on Dowex 50 pyridine, taken to dryness, and then treated with 
proportions of phosphoric acid, pyridine, water, and dicyclo- 
hexylcarbodiimide, as previously described (21) (Table I). 
The mono-, di-, tri- and higher polyphosphates of thymidine were 
separated by ion exchange chromatography with recoveries of 
14, 22, 40 and 24 per cent, respectively, and dTTP was finally 
collected as a barium salt after the chromatogram eluates were 
adsorbed on and eluted from Norit (Table II). 


Preparation of Deoxyribonucleic Acids 
P®.Labeled Bacteriophage DN A—Lysates of T2r* were pre- 
pared in the glycerol-lactate medium (8). 200 ml. of medium 


This preparation was synthesized in the laboratory of Dr. 
H. G. Khorana, to whom we are indebted for guidance and hos- 
pitality. 


25 ml. of distilled water was added rapidly, with mixing. The 
mixture stood for 1 hour at 25° and was then centrifuged for 9 
minutes at 20,000 x g to remove intact phage and debris. The 
supernatant solution, designated P®-phage DNA, contained 0.16 
umole per ml. of phosphorus, and had a molar extinction co- 
efficient, E(P), on this basis, of 6900 at 260 my. 

Calf Thymus DN A—This was prepared by the method of 
Kay, Simmons and Dounce (24). A solution of 0.5 mg. per ml. 
had an extinction number at 260 my of about 7.0. 


Enzyme Assays 

Assay of “Polymerase’’—This assay measures the conversion 
of acid-soluble P™-labeled deoxynucleoside triphosphates into 
an acid-insoluble product. The incubation mixture (0.3 ml.) 
contained 0.02 ml. of glycine buffer (I u, pH 9.2), 0.02 ml. of 
MgCl, (0.1 ), 0.03 ml. of 2-mercaptoethanol (0.01 N, 0.02 ml. of 
thymus DNA (0.5 mg. per ml.), 0.01 ml. of dATP (0.5 umole 
per ml.), 0.02 ml. of dGTP (0.5 wmole per ml.), 0.01 ml. of 
dCTP (0.5 umole per ml.), 0.01 ml. of dTP*®PP* (0.5 amole per 
ml., 1.5 X 10% ¢.p.m. per umole), and 0.005 to 0.05 unit of 
enzyme. Dilutions of the enzyme for assay were made in Tris 
buffer (0.05 u, pH 7.5) containing 0.1 mg. per ml. of thymus 
DNA. After incubation at 37° for 30 minutes, the tube was 
placed in ice, and 0.2 ml. of a cold solution of thymus DNA 
(2.5 mg. per ml.) was added as carrier. The reaction was 
stopped, and the DNA was precipitated by the immediate 
addition of 0.5 ml. of ice-cold 1 * perchloric acid. After 2 to 3 
minutes, the precipitate was broken up thoroughly with a snug- 
fitting glass pestle, 2 ml. of cold distilled water were added, and 
for 3 minutes at 10,000 x g, the supernatant fluid was dis- 
carded. The precipitate was dissolved in 0.3 ml. of 0.2 * 
NaOH, the DNA was reprecipitated by the addition of 0.40 
ml. of cold 1 & perchloric acid, 2.0 ml. of cold water were added, 
and the precipitate was thoroughly dispersed. After centrifu- 
gation, this precipitate was again dissolved, reprecipitated again 
and recentrifuged. Finally, the precipitate was dissolved by the 
addition of 0.2 ml. of 0.1 * NaOH, the entire solution was 
pipetted into a shallow dish, dried, and the radioactivity meas 
ured. 
Controls for the crude enzyme fractions (I to III) were in- 
cubation mixtures to which the enzyme fraction was added after 
completion of the incubation period, but just before the per- 
chloric acid was added. With mare purified fractions (Fractions 
IV to VII), an incubation mixture lacking Mg** or one of the 
deoxynucleoside triphosphates served as well. Precipitates ob- 
tained from control incubation mixtures contained less than 0.10 

*dCP*PP, dAP*PP, and dTTP labeled in carbon-2 of thymine 
have also been used in routine assays during the course of enzyme 
purification, with essentially identical results. 
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per cent of the total radioactivity added, and, in most assays they 
contained radioactivity in the order of 2 per cent of the ex- 
perimental values. A unit of enzyme was defined as the amount 
causing the incorporation of 10 mamoles of the labeled deoxy- 
nucleotide into the acid-insoluble product during the period of 
incubation. The specific activity was expressed as units per mg. 
of protein. 

With the exception of Fraction I, proportionality of enzyme 
addition, with the amount of labeled substrate incorporated into 
the product, was obtained. With Fraction IV, for example, the 
addition of 0.5, 1.0, and 1.5 yg. of the enzyme preparation 
yielded specific activities of 21.0, 18.7 and 20.5, respectively. 
Assays of Fraction I are only an approximation, and the levels of 
activity assayed should not exceed 0.02 unit; even so, augmenta- 
tion of incorporation by as much as 50 per cent was obtained at 
times with the addition of ATP (0.0025 u) and the deoxynucleo- 
tide kinase (0.7 unit of alumina Cy gel eluate fraction). 

With respect to the optimal pH for the assay, the rate was most 
rapid at about 8.7; at pH 6.5, 8.0 and 10.0, the respective rates 
were 15, 70 and 15 per cent of that observed at pH. 8.7. The pH 
usually achieved in the assay mixture was in the neighborhood 
of 8.7 to 9.0. It is noteworthy that high concentrations of salt 
interfere with the assay; for example, NaCl at a final concentra- 
tion of 0.2 u produced a 97 per cent inhibition. The use of 
fluoride to inhibit the action of phosphatases in the assay of 
crude enzyme fractions is limited by the inhibitory action of 
fluoride on the “polymerase” (0.05 M KF produced a 90 per cent 
inhibition). 

Assays of DNase—There is an abundance of DNase activity 
in cell-free extracts of E. coli which degrades both the DNA 
added initially to the assay mixture and the newly synthesized 
DNA. As will be described in a later section, there are indica- 
tions for the existence of at least 3 distinct DNases. One 
activity (or activities) to be designated tentatively as “DNase 
A”, degrades calf thymus DNA with a pH optimum near 8.5, 
whereas it does not degrade it at all at pH 10. Although the 
cleavage of bacteriophage DNA is only one-tenth as rapid, the 
use of this substrate labeled with P® provided a sensitive assay 
when this enzyme activity i« reduced to trace concentrations. 
Another activity, designated “DNase B“, is characterized by 
its effective action on the enzymatically synthesized DNA even 
at pH 10. Immunological and fractionation procedures, to be 
described later, suggest that there are at least two distinct 
enzymes in this group. The assays of DNase A on thymus and 
bacteriophage DNA and of DNase B on enzymatically prepared 
DNA are described below. 

1. Assay of DNase A on Thymus DN A—This assay depends 
on the degradation of DNA to acid-soluble fragments which are 
measured rically. The reaction mixture (0.3 
ml.) contained 0.1 ml. of thymus DNA (0.5 mg. per ml.), 0.02 
ml. of Tris buffer (I u. pH 7.5), 0.02 ml. of MgCl, (0.1 ½ and 
about 4 units of enzyme. After incubation for 30 minutes at 
37°, 0.2 ml. of a thymus DNA solution (2.5 mg. per ml.) was 
added as carrier, followed by 0.5 ml. of cold I & perchloric acid. 
After 5 minutes at 0°, the precipitate was removed by centrifu- 
gation. The supernatant solution was diluted with aa equal 
volume of distilled water, and the optical density at 260 my was 
determined. One unit of enzyme was defined as the amount 
causing the production of 10 mumoles of acid-soluble DNA 
polynucleotides in 30 minutes (assuming a molar extinction 
coefficient, E(P), of 10,000). The assay showed proportionality 
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between the substrate split and the enzyme added at levels of 1 
to 8 units. With the addition of 0.02, 0.05, and 0.10 ml. of a 
1:10 dilution of an enzyme fraction (the ammonium sulfate 
fraction preceding “polymerase” Fraction V1), 405, 362 and 394 
units per ml., respectively, were obtained. The activity of this 
enzyme at pH 7.5 is approximately twice that observed at pH 9. 

2. Assay of DNase A on Bacteriophage DNA—This assay 
depends on the degradation of DNA to acid-soluble fragments 
which are determined by measurement of radioactivity. The 
incubation mixture (0.30 ml.) contained 0.02 ml. of glycine 
buffer (1 u. pH 8.5), 0.01 ml. of MgCl, (0.10 W), 0.03 ml. of P. 
phage DNA (0.15 umole of P per ml.; specific activity 5 X 10 
¢.p.m. per amole of P), and 0.01 to 0.10 unit of enzyme. After 
incubation for 30 minutes at 37°, 0.20 ml. of thymus DNA (2.5 
mg. per ml.) was added as carrier, and then 0.50 ml. of 0.5 N 
perchloric acid was added. After standing 2 to 3 minutes in ice, 
the precipitate was removed by centrifugation, and 0.5 ml. of the 
supernatant fluid was transferred to a shallow dish, and the 
radioactivity was determined. An incubation mixture from 
which enzyme was omitted served as a control for nonenzymatic 
hydrolysis of bacteriophage DNA. The proportionality of the 
amount of enzyme added to the amount of substrate hydrolyzed 
was obtained when 2 to 20 per cent of the substrate was con- 
verted to acid-soluble material. The unit of enzyme activity is 
the same as that defined in the thymus DNA assay. 

3. Assay of DNase B—This assay also measures the release of 
radioactive acid-soluble fragments from DNA. The incubation 
mixture (0.3 ml.) contained 0.03 ml. of P®-labeled, enzymatically 
prepared, DNA“ (0.3 umole per ml., 2 < 10° ¢.p.m. per umole of 
DNA nucleotide), 0.03 ml. of glycine buffer (I u, at pH 9.2), 
0.02 ml. of MgCl, (0.1 u), 0.03 ml. of 2-mercaptoethanol (0.01 
mu), and about 0.05 unit of enzyme. After incubation of the 
mixture for 30 minutes at 37°, carrier DNA and cold perchloric 
acid were added, as in the assay for DNase A. After removal of 
the precipitate by centrifugation, 0.2 ml. of the supernatant 
solution was plated, and the radioactivity was determined. The 
enzyme unit is the same as for DNase A. The proportionality 
between the amount of substrate hydrolyzed and the amount of 
enzyme added was observed from 0.05 to 0.25 unit of enzyme. 
With the addition of 0.02, 0.05, and 0.10 ml. of a 1:100 dilution 
of an enzyme fraction (“polymerase” Fraction VI), 340, 260 and 
257 units per ml., respectively, were obtained. 


Other Methods 


Determinations of phosphate, pentose and protein, procedures 
for ion exchange chromatography and measurements of radio- 
activity have been cited previously (25). The efficiency of the 


The reaction mixture consisted of 0.15 umole each of dTTP, 
dGTP, dATP and dCTP (the latter having a specific radioac- 
tivity of 20 we. per smole), 0.33 ml. of thymus DNA (2.5 mg. per 
ml.), glyeine buffer, at pH 9.2 (330 wmoles), MgCl, (330 umoles) 
and Fraction VI (20 units) ina final volume of 5 ml. After ineuba- 
tion at 37° for I hour, the incubation mixture was chilled and 0.55 
ml. of 4 ~ trichloroacetic acid was added, and the suspension was 
centrifuged. The precipitate was dissolved in 1.5 ml. of cold 0.02 
s NaOH, and then was treated with 1.5 ml. of cold 1 N perchloric 
acid and 2 ml. of water. The precipitate was collected by centrif- 
ugation, dissolved, reprecipitated, and finally dissolved in 1.0 
ml. of 0.02 N NaOH. 0.1 ~ HCl was added dropwise to adjust the 
pH to 7.5, and cold water was added to bring the volume to 3.3 ml. 
Such a preparation had a specific activity of 2.5 X 10* ¢.p.m. per 
umole of DNA nucleotide. 
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Taste III Spinco model L centrifuge, and the supernatant fluid was 
Purification of polymerase collected (Fraction II). 

252 Deoryribonuclease Digestion—To 1500 ml. of Fraction II 
no. Step Units Protein | Sttivity (derived from 8400 ml. of Fraction I) were added 15 ml. of 03 
— mu MgCl, and 1.5 ml. of pancreatic deoxyribonuclease (100 yg. 
per ml. | total | mg./ml. | “ie per ml.). This mixture was incubated at 37° for about 5 hours, 
I | Sonic extraction 2.0 | 16,800 | 20.0 | 0.1 until 85 to 90 per cent of the ultraviolet-absorbing material was 
II | Streptomycin.......... 13.0 | 19,500 | 3.0 4.3 rendered acid-soluble A considerable amount of protein 
III | DNase, dialysis........ 12.1 18, 100 1.80 6.7 settled out during the digestion, but it was not removed at this 
IV | Alumina gel............ 15.4 | 12,300 | 0.78 19.8 time. The digest was dialyzed for 16 hours against 24 liters of 
* ———— of gel — 9,900 4.90 22.4 Tris buffer (0.01 u, at pH 7.5), then centrifuged for 5 minutes at 

120 Alumina Cy Gel Adsorption and Elution—Enough aged 
alumina gel (13) (195 ml. containing 15 mg. dry weight per ml.) 


* This step was actually carried out many times on a smaller 
scale (see the text), and these values are calculated for the large- 


scale procedure. 
t In some runs, values as high as 400 have been obtained. 


gas-flow counter was approximately 50 per cent. Deoxypentose 
of purine deoxynucleotides was determined by the diphenylamine 
method of Dische (26). 


Purification of “Polymerase” 

Growth and Harvest of Bacteria—E. coli strain B or ML30, was 
grown in a medium containing 1.1 per cent K;HPO,, 0.85 per 
cent KH, PO,, 0.6 per cent Difco yeast extract, and 1 per cent 
glucose. Cultures, usually 60 liters, were grown with vigorous 
aeration in a large growth tank,’ and were harvested about 2 
hours after the end of exponential growth. The cultures were 
chilled by the addition of ice, the cells collected in a Sharples 
supercentrifuge, washed once in a Waring Blendor by suspension 
in 0.5 per cent NaCl-0.5 per cent KCl (3 ml. per gm. of packed 
cells), centrifuged, and then stored at —12°. The yield of 
packed wet cells was approximately 8 gm. per liter of culture, and 
cells stored as long as 1 month were used. All subsequent 
operations were carried out at 0° to 3° unless otherwise specified. 

Preparation of Extract—Cells were suspended in .05 Mu gly- 
cylglycine buffer, at pH 7.0 (4 ml. per gm. of packed cells), and 
were disrupted by treatment for 15 minutes in a Raytheon 10- 
KC sonic oscillator. The suspension was centrifuged for 15 
minutes at 12,000 x g, and the slightly turbid supernatant 
liquid was collected. The protein content was determined and 
adjusted to a concentration of 20 mg. per ml. by addition of the 
same glycylglycine buffer (Fraction I) (Table III). 

Streptomycin Precipitation—8400 ml. of Fraction I, obtained 
from 2 kilos of packed cells, were treated in the following man- 
ner. To a 525 ml. batch were added 525 ml. of Tris buffer 
(0.05 M, at pH 7.5), then slowly, with stirring, 81 ml. of 5 per cent 
streptomycin sulfate? were added. After 10 minutes, the pre- 
cipitate was collected by centrifugation at 10,000 x 9. This 
precipitation with streptomycin was carried out four times on this 
scale, and the precipitates were collected in the same centrifuge 
cups. The precipitates, with potassium phosphate buffer 
(0.05 M, at pH 7.4) added to a total volume of 430 ml., were 
homogenized in a Waring Blendor for 30 minutes at low speed. 
This suspension was centrifuged for 2 hours at 78,000 x g in a 


7 Available from Rinco Instruments Company, Greenville, 
Illinois. 


was added to 1500 ml. of Fraction III in order to adsorb 90 to 95 
per cent of the enzyme. The mixture was stirred for 5 minutes, 
and then centrifuged. The supernatant fluid was discarded and 
the gel washed with 400 ml. of potassium phosphate buffer (0.02 
u, at pH 7.2). The gel was then eluted twice with 400 ml. 
portions of potassium phosphate buffer (0.10 u, at pH 7.4) in 
order to remove the enzyme, and the eluates were combined 
(Fraction IV). 

Concentration of Alumina Cy Eluate—To 800 ml. of Fraction 
IV were added 16 ml. of 5 & acetic acid and then 480 gm. of 
ammonium sulfate. After 10 minutes at 0°, the resulting 
precipitate was collected by centrifugation (30 minutes, 30,000 
X g) and dissolved in 90 ml. of potassium phosphate buffer 
(0.02 M, at pH 7.2) (Fraction V). 

Ammonium Sulfate Fractionation—To 90 ml. of Fraction V 
were added 9 ml. of potassium phosphate buffer (1 u, at pH 6.5) 
and 0.90 ml. of a 0.10 u solution of 2-mercaptoethanol. 247 
gm. of ammonium sulfate were added, and after 10 minutes at 
0°, the precipitate was removed by centrifugation at 12,000 x 

* g for 10 minutes.“ To the supernatant fluid an additional 
— of ammonium sulfate were added, and, after 10 minutes at 
0°, the precipitate which formed was collected by centrifugation 
at 12,000 x g for 10 minutes. This precipitate was dissolved 
in 9 ml. of potassium phosphate buffer (0.02 m, at pH 7.2) 
(Fraction V1). 

Diethylaminoethyl Cellulose Fractionation—A column (II X | 
cm.) was prepared from diethylaminoethy! cellulose (27) which 
had previously been equilibrated with K,HPO, (0.02 ). 12 
ml. of Fraction VI was diluted to 8.0 ml. with 002 u K,HPO, 
and passed through the column at a rate of 12 ml. per hour. The 
column was washed with 3.0 ml. of the same buffer, and then 
eluted (flow rate of 9 ml. per hour) with pH 6.5 potassium 
phosphate buffers as follows: 8 ml. of 0.05 u, 10 ml. of 0.10 u. 
3 ml. of 0.20 Mu, and finally 4 ml. of 0.20 mu. Approximately 60 
per cent of the enzyme applied to the adsorbent was obtained 
in the last elution with 0.20 M buffer (Fraction VII). 

Samples of Fraction VII have been further purified by another 
treatment with diethylaminoethy! cellulose or by treatment with 
a phosphocellulose adsorbent (27). Specific activities of 250 to 
350 have thus been obtained. 


»The optical density at 260 my was determined before and after 
precipitation with an equal volume of cold 1 ~ perchloric acid. 

* This precipitate dissolved in 9 ml. of potassium phosphate 
buffer (0.02 M, at pH 7.2) has been designated AS | and used as 
an antigen in studies cited below. 
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Stability of “Polymerase” 


enzyme fractions has been stored for at least several 
—12° without any significant loss in activity. When 
pH 7.2 for 3 minutes at 80°, all the activity was destroyed, and, 
after 10 minutes at 60°, only a trace (less than 2 per cent) re- 


for 30 minutes at 37° at a pH of about 8.7, it was of interest to 
determine the stabilizing components in the assay mixture. 
Among the constituents of the assay mixture only DNA was 
active in this regard. Complete protection against inactivation 
of the enzyme during incubation was provided at a level of 17 
yg. per ml. Replacement of the DNA by bovine serum al- 
bumin (I mg. per ml.), apurinic acid (100 yg. per ml.) (28), 
(68 wg. per ml.), or thymus DNA treated with I * NaOH for 15 
hours at 37° (37 yg. per ml.), resulted in losses in enzyme activity 
of 90, 70, 85, and 70 per cent, respectively. Thymus DNA 
heated for 3 minutes at 100° had about half the stabilizing effect 
of the untreated DNA. 


Deoxyribonucleases in “Polymerase” Fractions 

During the course of purification of “polymerase” the relative 
amounts of DNase were considerably reduced but DNase 
activity was not completely removed even from the best prep- 
aration (Table IV). Results of immunological studies not only 
supported the indications from fractionation data (Table IV) 
that DNase A and B were distinguishable, but also suggested 
that there are two distinct enzymes in the DNase B group. 

Using an enzyme fraction rich in DNase A and B (AS 1 (Table 
IV), collected just prior to Fraction VI) as antigen, rabbit 
antisera were produced which neutralized 95 per cent of DNase 
B but only 50 per cent or less of DNase A, even with larger 
amounts of the sera. In addition, these sera neutralized less than 
10 per cent of the DNase B in the adjacent enzyme fraction 
(AS 2). Inasmuch as the failure of the antisera to neutralize 
much of the DNase B in fraction AS 2 might have been due to an 
inhibitory substance in AS 2, equal amounts of fraction AS I and 
AS 2 (in terms of DNase B units) were mixed and then treated 
with the antisera; approximately 50 per cent of the DNase was 
neutralized, indicating the absence of such an inhibitor. In the 
most purified enzyme fractions (Fraction VII refractionated 
with diethylaminoethy! cellulose), DNase A activity was re- 
duced to levels of 5 per cent, or less than that of “polymerase”. 
DNase B, although persisting to a significant extent, was con- 
siderably reduced in activity by modifying the assay conditions 
of “polymerase” (last line of Table IV). 


The extensive purification of the enzyme has not yet resulted 
in a homogeneous preparation, and it has not removed the last 
traces of DNase activities. Further enzyme purification is 
limited by the small yields of the purified fraction (1 kilo of E. 
coli yields less than 10 mg. of the purified enzyme), and the 
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Taste IV 
DNase activities in polymerase fractions 
Ratios of DNase to polymerase“; 
2 DNase Aon | DNase Aon | DNase B on 
thymus phage DNA 
Z t t 34-62 
ETS 1 0.1 1 
Ammonium sulfate frac- 
tionation of Fraction V 
3 0.6 6 
AS 2 (Fraction VI) 1 0.1 1 
D 2 0.3 2 
Ammonium sulfate frac- 
t ionat ion of AS 3: 
D 1 0.4 2 
D 26 2.1 6 
Fraction VII................ 0.2 0.003 0.3 
Fraction VII$............... 0.06 


„Polymerase was determined as described in the text section 
on assays. Nucleases were determined with thymus DNA, 
bacteriophage DNA, or synthetic DNA as substrates. The 
ratios here express: 

Nucleotide rendered acid-soluble, smoles 
Nucleotide rendered acid-insoluble, smoles 


No accurate assay was possible because of the high DNA 
content of this fraction. 

: Tested under conditions which differed from the standard 
assay (see the text) as follows: potassium phosphate buffer, 
at pH 7.4, replaced the glycine buffer, and the 2-mercaptoethanol 
was omitted. 


indications are that there are at least three distinct nucleases to 
be considered. Preliminary studies of enzymes which appear to 
be comparable to the “polymerase” in extracts of other bacteria 
indicate lower activities than those found in E. coli extracts, 
and the DNA-synthesizing systems in acetone powder extracts of 
calf thymus gland or HeLa (tumor) cells appear to be only 1 to 
2 per cent as active. It would appear that E. coli, with a gener- 
ation time of only 20 minutes, is likely to prove at least as fertile 
a source of this enzyme as most other cells available for large- 
seale work. 

In connection with the phosphorylation of the four deoxy- 
nucleotides (which commonly occur in DNA) to the triphosphate 
level by enzymes in E. coli, it is of interest to recall the obser- 
vation (29) that no such kinase activity for deoxyuridine 5’- 
phosphate was detectable. This finding led to the suggestion 
that the lack of an enzyme to make deoxyuridine triphosphate 
might explain the lack of uracil in DNA. Current studies" 
which show that deoxyuridine triphosphate, prepared by chem- 
ical deamination of deoxycytidine triphosphate, can replace 
thymidine triphosphate and can be incorporated into the en- 
zymatically synthesized DNA, furnish additional support for 


this suggestion. 
SUMMARY 


An enzyme which catalyzes the incorporation of deoxyribo- 
nucleotides from the triphosphates of deoxyadenosine, deoxy- 


n Unpublished results. 
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guanosine, deoxycytidine and thymidine into deoxyribonucleic 
acid has been purified from cell-free extracts of Escherichia coli 
in excess of 2000-fold. The reaction mixture includes poly- 
merized deoxyribonucleic acid and Mg**. 

The deoxynucleoside triphosphate substrates were synthesized 
from the deoxynucleotides by kinases partially purified from 
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Escherichia coli. Procedures for the preparation of P-labeled 

deoxynucleotides have also been described. 
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Enzymatic Synthesis of Deoxyribonucleic Acid 


Il. GENERAL PROPERTIES OF THE REACTION 


Mavnice J. Brun,“ I. R. Lenwan,t Euxter S. Suns, ann Antuvr Korneerc 


From the Department of Microbiology, Washington University 
School of Medicine, St. Louis, Missouri 


(Received for Publication, October 10, 1957) 


In the foregoing paper (1), a procedure was described for 
purifying an enzyme (“polymerase”) from Escherichia coli which 
catalyzes the incorporation of deoxyribonucleotides into DNA! 
The purpose of this report is to describe the requirements for 
the reaction, the net synthese of DNA, and some chemical 
features of the «vnthesized DNA. The liberation of inorganic 
pyrophosphate as a consequence of the reaction and studies on 
the participation of inorganic pyrophosphate in reversing the 
polymerization will also be presented. 


MATERIALS 


Deoxynucleoside triphosphates and “polymerase” fractions 
were prepared according to procedures deseribed in the previews 
paper (1). Bull semen 5’-nucleotidase was prepared according 
to the method of Heppel and Hilmoe (2). Human semen 
phosphomonoesterase was prepared according to Wittenberg 
and Kornberg (3). Snake venom phosphodiesterase, free of 
phoxphomonoesterase activity, was prepared by the method of 
Sinsheimer and Koerner (4). DNA, unless designated other- 
wise, refers to calf thymus DNA prepared by the Kay, Simmons, 
and Dounce procedure (5). A solution containing 0.5 mg. per 
mi. had an optieal density of about 7. dTTP-2-C™ was „n- 
thesized as follows: 2-C™ thymine (4 ye. per amal and 2- 
deoxyribose I-phosphate were converted to 2-C™ thymidine in 
the presence of horse liver thymidine phosphorylase’ (6). The 
thymidine was phosphorylated in the presence of ATP and a 
partially purified nucleoside kinase from K. coli (7) in order to 
vield thymidine 5’-phosphate. This was then converted to the 
triphosphate and isolated according to the directions described 
previously (1). dTPP*P* was prepared by the procedure de- 


* Fellow of the National Cancer Institute, Publie Health 
Service. 

t Fellow of the American Cancer Society. 

The abbreviations used are: ATP, adenosine triphosphate; 
dATP or dAPPP, deoxyadenosine triphosphate; dCTP or dCPPP, 
deoxveytidine triphosphate; dGTP or dGPPP, deoxyguanosine 
triphosphate; DNA, deoxyribonucleic acid; DNase, deoxyribo- 
nuclease; P, P-labeled phosphate; P,, inorganic orthophos- 
phate; polymerase (in order to facilitate reference, this desig- 
nates the enzyme in E. coli responsible for DNA synthesis); PP, 
inorganic pyrophosphate; Tris, tris(hydroxymethy!)aminometh- 
ane buffer; dTTP or dTPPP, thymidine triphosphate. 

*2-C™ thymine (4 X 10* ¢.p.m. per smole) was obtained through 
the generosity of Dr. Howard E. Skipper of the Southern Re- 
search Institute, Birmingham, Alabama. 

*We are indebted to Dr. Morris Friedkin for hi« gift of de- 
oxy ribose 1-phosphate and thymidine phosphorylase. 


seribed for dTPPP (1), substituting acetyl-P® (8) for acetyl-P 
in the reaction mixture. Crystalline pancreatic DNase was a 
product of the Worthington Biochemical Corporation. In- 
organic pyrophosphate labeled with P was prepared according to 
Kornberg and Pricer (9). 

METHODS 


“Polymerase” assays and chromatographic procedures have 
been deseribed in detail in the preceding paper (1). Phosphorus 
was determined according to Fiske and Subbarow (10) or Lowry 
et al. (11). Deoxypentose was determined according to the 
procedure of Disehe (12). All optical measurements in the 
ultraviolet region were made on the Beckman model DU spectro- 
photometer. Radioactivity was measured in a gas-flow ap- 
paratus having an efficiency of about 50 per cent for Pu. 


RESULTS 

Requirements of Reaction—The maximal incorporation of 
labeled deoxyribonucleotides into DNA was dependent on the 
presence of polymerized DNA, Mg**, and the deoxynucleoside 
triphosphates of thymine, cytosine, guanine, and adenine (Table 
1). These results based on the incorporation of labeled dTTP 
(dTP*PP) were essentially the same when dCP*PP, dAP*PP, 
dAGP*PP, or C-thymine-labeled dTTP were used instead as the 
labeled substrate. 

Evidence for Limited Reaction—The reaction rate in the in- 
stances in which one of the deoxynucleoside triphosphates or 
DNA or Mg** was omitted was no greater than in controls 
which lacked enzyme or were treated with acid at time zero. 
Although this meant that the rate was less than 2 per cent of the 
maximal, it was still true that the incorporation of about 10 
nucleotide residues per DNA chain (assuming a molecular 
weight of Xx 10* for individual chains of the added DNA) could 
have eseaped detection. The sensitivity of the assay was 
therefore increased about 50-fold by using labeled substrates 
with a specific radioactivity of the order of 0.1 me. per umole. 
The background of the system was kept at a relatively low 
level by four precipitations of the product with thymus DNA 
(as carrier) from alkaline solution. Under these conditions, 
the incorporation of only one of the deoxynucleotides into 
DNA, without the addition of the other three deoxynucleoside 
triphosphates, was demonstrated (Table II). Although the 
extent of incorporation during the assay interval was only 
about 0.1 per cent of that observed with the complete system, 
if was a value that increased linearly during the incubation 
period, and it was not detectable when DNA was omitted. 
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Tas.e I Taste III 
Requirements for deozynucleotide incorporation into DNA Net synthesis of DNA 
Estimation (no enzyme) Complete 
Complete ˙ 0.50 pai * — — 
Omit dCTP, dGTP, dATP.................. <0.01 
C0. 01 Optical density 193 458 265 
Omit % ͤ <0.01 9 ty 080 628 | — 
0.01 Optical densi | 
3 Optical density | 
DNA pretreated with D Nase. <0.01 — | 889 
wae ' * — 2 51 * In Experiment 1, the incubation mixture (30 ml.) contained 


1.5 X 10* e. p. m. per umole), dATP, dCTP, and dGTP, 1 2mole of 
MgCl, 20 umoles of glycine buffer, pH 9.2, 10 ug. of DNA, and 
3 wg. of polymerase Fraction V in a final volume of 0.30 ml. 
The incubation was carried out at 37° for 30 minutes and treated 
as previously described for a polymerase assay (1). 

DNase treatment of DNA was carried out in an incubation mix- 
ture containing 60 ug. of thymus DNA, 50 wmoles of Tris buffer, 
pH 7.5, 5 wmoles of MgCl, and 5 wg. of pancreatic DNase in a 
final volume of 0.50 ml. After 30 minutes at 37°, 0.02 ml. of 5 
per cent bovine serum albumin and 0.05 ml. of 5 N perchloric acid 
were added. The precipitate was centrifuged and dissolved in 
dilute alkali, and neutralized. A control incubation from which 
DNase was omitted yielded fully active DNA. 


II 
Incorporation of single deozynucleotide into DNA 
Additions semoles DNA. 

dCTP (DNA omitted)....................... 0.0 
dCTP + dGTP + dTTP.................... 15.7 
dCTP + dGTP + dTTP + dATP........... 3300 


The incubation mixture (0.3 ml.) contained 5 mamoles of dCTP 
(dCP*PP, 7.2 X 10’ c.p.m. per amole), and 5 mgmoles of each of 
the other deoxynucleoside triphosphates as indicated, together 
with 1.0 zmole of MgCl, 20 wmoles of glycine buffer, pH 9.2, 10 
ug. of DNA and 3 yg. of polymerase Fraction VI. The incuba- 
tion was carried out at 37° for 30 minutes, and it was treated as 
described in the text. 


Similar data to those cited here for dCP*PP were obtained 
when dTP*PP, dAP*PP, or dGP*PP were used. 

The possibility that deoxynucleoside triphosphates omitted 
from the reaction were present as trace contaminants has been 
minimized by a number of precautions. (a) Each deoxynucleo- 
side triphosphate was obtained chromatographically as a discrete 
homogeneous peak, and the deoxynucleotide from which it was 
derived had likewise been separated by chromatography. (b) In 
view of the proximity in elution of the deoxycytidine and deoxy- 
adenosine nucleotides on the one hand, and of the thymidine 
and deoxyguanosine nucleotides on the other, the pyrimidine 
deoxynucleotides were heated at 100° for 15 minutes at pH 3 
in order to destroy any traces of purine deoxynucleotides. 
Such heated preparations of dCP*PP and dTP*PP were in- 
corporated at the same rate and to the same extent as the 
unheated ones. Heated enzyme and DNase-treated DNA were 
also shown not to be sources of the omitted nucleotides. (c) 


0.3 ml. of dATP*PP (0.5 mole per ml., 13 Xx 10* e. pm. per 
umole), 0.6 ml. of dGTP (0.5 umole per ml.), 0.3 ml. of dCTP 
(0.5 mole per ml.), 0.3 ml. of dTTP (0.5 mole per ml., 0.2 ml. 
of potassium phosphate buffer, I u, pH 7.4), 0.2 ml. of MgCl, 
(0.1 u), 0.2 ml. of calf thymus DNA (0.5 mg. per ml.), and 12 xg. 
of a phosphocellulose polymerase fraction (1). The mix. 
ture was incubated at 37° for 180 minutes. DNA was precip. 
itated and washed as in the assay for polymerase (1) with 
the exception that 1.5 mg. of albumin was added as carrier, 
instead of DNA, for the precipitation. The final precipitate 
was taken up in 1.2 ml. of 0.5 & perchloric acid and heated for 
15 minutes in a boiling water bath. Optical density measure- 
ments were made at 260 my and converted to nucleotide equiva- 
lents using a molar extinction coefficient of 8960 derived from the 
calculated values for an acid hydrolysate of calf thymus DNA. 
In the Pu estimation of DNA synthesis, incorporation of deoxy- 
adenylate was multiplied by a factor based on its percentage of 
composition in calf thymus DNA (13). The radioactivity ae- 
tually observed for the controls did not exceed the background 
count. In Experiments 2, 3, 4 and 5, the reaction mixture (1 
ml.) contained 0.06 ml. of dCTP (5.4 smoles per ml.), 0.03 ml. of 
dATP (10.4 moles per ml.), 0.06 ml. of dTTP (5.3 smoles per ml.), 
0.12 ml. of dGTP (2.6 wmoles per ml.), 0.06 ml. of calf thymus 
DNA (0.5 mg. per ml.), 0.06 ml. of potassium phosphate buffer 
(1 x, pH 7.4), 0.06 ml. of MgCl, (0.1 N) and 8 yg. of a refractionated 
diethylaminoethyl cellulose polymerase fraction (1). The mix- 
ture was incubated for 240 minutes at 37°. 2 u NaCl was then 
added in order to give a final concentration of 0.2 u, and the mix- 
ture was heated for 5 minutes at 70°. Unreacted triphosphates 
were removed by exhaustive dialysis against 0.2 u NaCl. When 
the product was isolated in this way it contained no acid-soluble 
material. Optical density at 260 ma was determined, and it was 
converted to nucleotide equivalents using a molar extinction 
coefficient for DNA of 6900 (13). 


Deoxynucleotides and ATP failed to substitute for the respective 
triphosphates in the reaction mixture, which suggests that DNA 
added in the reaction was not degraded enzymatically to deoxy- 
nucleotides which were then converted to triphosphates during 
the incubation. (d) Finally, the likelihood that deoxvnucleo- 
side triphosphates might be released as such from DNA by a 
pyrophosphorolytic reversal of the reaction was minimized by 
the observation that inorganic pyrophosphate levels 100 times 
greater than those formed in the synthetic reaction are necessary 
in order to produce significant levels of the triphosphates. 

Net Synthesis of DNA—With a highly purified enzyme frae- 
tion, relatively free of DNase activity,‘ net synthesis of DNA, 


For a discussion of the DNase content of different fractions of 
„polymerase, see (1). The net synthesis experiment was carried 
out at a pH of 7.4 in order to minimize DNase action. 
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Fic. 1. Chromatography of enzymatically synthesized C. 
DNA (with calf thymus DNA as carrier) after digestion with 
deoxyribonuclease. A reaction mixture 100 times the scale of that 
reported in Table I, that contained dTTP-2-C™ (4 X 10* e. pm. 
per umole) as the labeled substrate was incubated at 37° for 90 
minutes. The reaction was stopped by the addition of carrier 
(15 mg. of calf thymus DNA) and perchloric acid (final concen- 
tration 0.5 u. The precipitated DNA was washed twice by te- 
precipitation from a slightly alkaline solution. The final precipi- 
tate of DNA was dissolved in dilute alkali, and it was neutralized. 
To this solution were added 1 mmole of Tris buffer, pH 7.5, 0.85 
mmole of magnesium acetate, 185 mg. of calf thymus DNA, 1 
mg. of DNase, and water to a final volume of 57 ml. The solution 
was incubated at 37° for 16 hours, adjusted to pH 10 with 15 * 
XH OH and chromatographed on a Dowex 1 column (acetate 
form, 10 X 1 em.) according to the method of Sinsheimer (14). 
Only the dinucleotide region of the chromatogram is shown. 


in amounts 2 to 20 times the amount originally present, was 
readily demonstrable (Table III). The results were unlike 


those obtained with less purified preparations, in that DNA 
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IV 
Identification of dinucleotides as deozycytidylate- 
thymidylate-C"* and C'*-dithymidylate 
Cr TT 
pmoles/mi. 
P. after phosphodiesterase.................... 0.09 | 0.02 
P. after 5’-nucleotidase....................... 0.07 0.04 
P. after semen phosphomonoesterase.......... 0.66 | 0.39 
P. after phosphodiesterase + 5’-nucleotidase..| 1.27 0.89 
— after phosphodiesterase + semen phospha- 
1.33 

— (after diester ase): 0.69 
Thymidylate (after diesterase)................ 0.72 0.81 

Conditions of incubation: 45 unit of snake 
venom phosphodiesterase in a final volume of 0.25 ml. at pH 8.5 


for 120 minutes, 37° (4); phosphomonoesterase—5 units of human 
semen phosphomonoesterase in a final volume of 0.75 ml. at pH 
5 for 60 minutes, 37° (3); 5’-nucleotidase—60 units of bull semen 
5’-nucleotidase in a final volume of 0.25 ml. at pH 8.5 for 20 min- 
utes, 37° (2). Approximately 0.02 umole of the indicated dinu- 
cleotide was present in each incubation. P. was determined by 
the micro method of Lowry, et al. (11). 


synthesis continued progressively during a prolonged incubation 
period and there was no significant destruction of DNA. In 
the time interval of Experiment l, the DNA content as judged 
by optical density, deoxypentose, and tracer measurements, was 
about doubled. In Experiments 2 to 5, increases of DNA by a 
factor of 10 to 20 were obtained, and 90 per cent or more of the 
DNA was derived from the deoxynucleotide substrates. 

The factor, or factors, governing the ultimate synthetic 
ability of this system have not as yet been determined. 

Chemical Structure of Enzymatic DNA—The deoxynucleotides 
incorporated into the enzymatically synthesized DNA were 
linked to other deoxynucleotides by the 3’-5’-phosphodiester 
bridge which is characteristic of DNA when it is isolated from 
natural sources. dTTP-C“ was converted to DNA (under 
conditions essentially like those in Table I), and then 200 mg. 
of calf thymus DNA were added as carrier for the subsequent 


H 


H 


Fic. 2. Specificity of the phosphatases used in the dinucleotide analyses. 
enzyme. Exposure to snake venom phosphodiesterase results in the cleavage of the dinucleotide to form two 5’-mononucleo- 
tides which are susceptible to both phosphomonoesterase and 5’-nucleotidase action. 


The arrows indicate the linkages split by the indicated 
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Fic. 3. Chromatography of enzymatically synthesized P*DNA (with calf thymus DNA as carrier after digestion with 
deoxyribonuclease. The experimental procedure was the same as that reported in Fig. 1, except that dTTP was omitted from 
the reaction mixture, and dATP, dCTP, and dGTP were all labeled in the 5’-phosphate group (1.2 K 10° ¢.p.m. per gmole). 


Only the dinucleotide region of the chromatogram is shown. 


procedures of isolation and enzymatic degradation. The DNA 
was isolated by precipitation with acid, digested with crystalline 
pancreatic DNase (1 mg. in 57 ml. for 16 hours at 37°), and then 
chromatographed on a column of Dowex I acetate according to 
Sinsheimer’s procedure (14). The products of digestion con- 
sisted of about 6 per cent mononucleotides, about 15 per cent 
dinucleotides, and the remaining percentage consisted of higher 
oligonucleotides. In the dinucleotide areas of the chromato- 
gram, two radioactive zones were selected, which, judged by 
their spectral characteristics and specific radioactivities, were 
considered to contain a deoxycytidylate-thymidylate-C" di- 
nucleotide and a C"-dithymidylate dinucleotide (Fig. 1). These 
zones, designated CT and TT, respectively, were rechromato- 
graphed on Dowex | acetate, and symmetrical peaks were ob- 
tained in which the specific radioactivity (counts per minute 
per optical density unit) remained constant. 

Chemical and enzymatic analyses of the CT and TT fractions 
verified them as dinucleotides of the expected composition, 
with internucleotide linkages consisting of 3’-5’-phosphodiester 
bridges (Table IV). All the phosphate was esterified, and 
essentially none of it was liberated by snake venom phosphodi- 
esterase or bull semen 5’-nucleotidase. Approximately half of 
the phosphate was liberated by human semen phosphomono- 
esterase, and all of it was liberated by 5’-nucleotidase, or phos- 
phomonoesterase acting in combination with phosphodiesterase 


(Fig. 2). Equivalent amounts of deoxycytidylate and thymidy- 
late were isolated by chromatography on Dowex 1 chloride 
columns after phosphodiesterase action on the CT fraction, and 
only thymidylate was recovered from the TT fraction after 
similar treatment. All the radioactivity of the CT fraction was 
found in the isolated thymidylate. 

In another experiment in which dTTP was omitted and the 
other triphosphates were strongly labeled with P® (as in Table 
1), the small amount of DNA synthesized was shown to contain 
little or no radioactive thymidylate. On the other hand, di- 
nucleotides in the DNase digest that contained deoxyeytidylate 
or deoxyadenylate were highly radioactive (Fig. 3). No state- 
ment can be made about deoxyguany late since the chromatogram 
was not carried far enough to elute dinucleotides that contain 
deoxyguanylate. 

Liberation of Inorganic Pyrophosphate—The incorporation of a 
deoxynucleotide into DNA is attended by the release of in- 
organic pyrophosphate. In an experiment using dTPP*P*- 
2-C™ in the presence of the other three non-labeled deoxy- 
nucleoside triphosphates,’ the incorporation of thymidylate 


‘dTPP*P*-2-C™ was simulated by mixing dTPPP-2-C™ with 
dTPP*P*. In this experiment, the radioactivity contributed by 
the C™ was 6.8 X 10% ¢.p.m. per smole, and that contributed by 
the P* was 7.05 Xx 10* ¢.p.m. per 
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Taste V 
Liberation of inorganic pyrophosphate 

Eetination Control? |Experimentall 4 
mpmoles mmoles mmoles 
DNA-C* incorporation 1 25 24 
pepe release 2 22 20 
* eee 7 11 | 4 

* dATP was omitted. 


The reaction mixture was the same as that described in Table 
I, except that dTPP*P*-2-C™ was used as the labeled substrate, 
and the incubation was performed at 10 times the scale (total 
volume, 3 ml.). After 60 minutes at 37°, the reaction mixture was 
chilled and 0.50 ml. of DNA (0.5 mg. per ml.) was added, followed 
by 3 ml. of perchloric acid (I) and 5 ml. of water. The mix- 
ture was centrifuged; the supernatant fluid was decanted and 
saved, and the precipitate was washed twice by precipitation from 
alkaline solution, it was plated, and its radioactivity was deter- 
mined. The supernatant fluid and the two wash liquids were 
combined (final volume, 38 ml.), treated with 3.8 ml. of Norit 
O per cent packed volume) in order to remove unreacted sub- 
strate, centrifuged, and the supernatant fluid was neutralized. 
To it were added 10 smoles of P, and 5 smoles of PP (both pH 7) as 
carrier, and the solution was chromatographed on a Dowex 1 
column (chloride form, 10 X I em. (12). P. was determined 
according to Fiske and Subbarow (10), and PP as P. after hy- 
drolysis in 1 H. 80, for 15 minutes at 100°. The values cited 
have not been corrected for those obtained with enzyme-less or 
zero-time controls. 


approximated the release of labeled inorganic pyrophosphate. 
20 mamoles of inorganic pyrophosphate were isolated from the 
acid-soluble fraction by chromatography on a Dowex | chloride 
column, and 24 mamoles of thymidylate were found in the 

DNA fraction (Table V). The relationship between pyro- 
phosphate release and deoxynucleotide incorporation with the 
other deoxynucleoside triphosphates is being studied. 

Reversal of Reaction—PFP in the reaction mixture at the same 
concentration as the triphosphate substrates (1.6 X lO ) 
had no effect on the reaction rate. However, at much higher 
concentrations (3 Xx 10°? m) the synthetic rate was inhibited by 
30 per cent, and PP was incorporated into the deoxynucleoside 
triphosphates (Table VI). The rate of this PP exchange with 
the triphosphates was of the same magnitude as the rate of 
incorporation of the deoxynucleotides into DNA in the absence 
of PP. Thus, assay of the enzyme fraction cited in Table VI 
for “polymerase” indicated the incorporation of 900 mamoles 
of deoxynucleotide into DNA per ml. of enzyme in 30 minutes, 
whereas the exchange rate of PP was 1600. The exchange of PP 
and the triphosphates was dependent on the presence of poly- 
merized DNA. It was not detectable when a pancreatic DNase 
digest of DNA replaced the DNA or when P, was substituted 
for PP. The inference that the conversion of P*P* to a form 
adsorbable by Norit represents its incorporation into the tri- 
phosphates was verified by isolation of the four triphosphates 
by ion exchange chromatography. The percentages of com- 


position (in respect to the total radioactivity) recovered after 
chromatography were: dTTP, 31; dATP, 33; dCTP, 22; and 
dGTP, 8. The low recovery in the dGTP fraction may be due 
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Tasie VI 
Evidence for reversal of reaction 
System aide 

mymoles 

˙ AAA 3.47 
˙ ͤ 0.02 
<0.02 
̃ ˙ 2.34 
Omit dATP, dTTP.. e 2.14 
Omit dATP, dTTP, dGTP 3 1.34 
Omit dATP, dTTP, dGTP,dCTP............... 0.20 
Replace P°P® <0.02 
Replace DNA with DNase-treated DNA... <0.02 


These values are corrected for a zero-time value of 0.05 ma- 
mole 

The system contained 5 mamoles each of dATP, 
dTTP, dGTP and dCTP, 1 wmole of P*P* (5 Xx 10° c.p.m. per 
pmole), 10 wg. of DNA, 2 smoles of MgCl, 20 wmoles of Tris buf- 
fer, pH 7.5, and 0.8 yg. of polymerase Fraction VII in a final 
volume of 0.3 ml. After incubation at 37° for 30 minutes, the 
mixture was chilled and cold solutions of albumin (0.05 ml. of 10 
mg. per ml.), perchloric acid (0.25 ml. of IN), and carrier PP 
(0.5 ml. of 0.1 u, pH. 7) were added. The mixture was centrifuged, 
the precipitate discarded, and the supernatant fluid was treated 
first with 0.05 ml. of an acid-washed Norit suspension (25 per cent 
packed volume) and then with 2 ml. of cold water. The Norit 
precipitate collected by centrifugation was washed three times 
with 2.5 ml. portions of cold water (containing 1 drop of 1 N 
perchloric acid), suspended in 0.5 ml. of 50 per cent ethanol (con- 
taining 0.03 N NH,OH), and then transferred to a planchet where 
it was dried for radioactivity determination. 


Taste VII 
Relative dependence of synthetic and pyrophosphorolytic reactions 


<0.01 


The data for the synthetic and pyrophosphorolytic reactions 
are derived from Tables II and VI, respectively. 


to its partial destruction by an enzyme known to be present in 
the “polymerase” fraction used in this experiment (15). All 
these considerations have led to the assumption that this PP 
substrate exchange is a reversal of the synthetic reaction. 

In a comparison of the synthetic and pyrophosphorolytic 
reactions, a noteworthy feature is the effect of omitting one or 
more of the deoxynucleoside triphosphates from the reaction 
mixture (Table VII). It is apparent that although synthesis is 
reduced by two or three orders of magnitude, the reversal is 
affected relatively little except when the triphosphates are 
omitted entirely. Under the latter condition, there is a distinct 


r | 

Synthetic | Pyrophosphorol 

feaction ytic reaction 

Complete system 100.0 | 100.0 

Omit dATP. ... 0.48 67.0 

Omit dATP, dTTP 0.15 61.5 

Omit dATP, dTTP, dGTP 0.07 | 38.6 

Omit dATP, dTTP, dGTP, dCTP | 5.8 

Omit DN 11 | <0.6 
ain 
fa 
in- 
pe. 
ate 
ith 
by 
by 
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Tas.e VIII 
Reversal of reaction in presence of enzymatically 
synthesized, PM. 
Additions — 
myumoles 
0.38 
DNA + PP + triphosphates............ 0.27 
DNA + P*P* + triphosphates.......... 2.84 


The reaction mixture (0.3 ml.) contained 2 wmoles of MgCl:, 
2 wmoles of Tris buffer, pH 7.5, 0.8 ug. of polymerase Fraction 
VII, and where indicated, PM. DNA, 10 ug. (6 X 10* c.p.m. per 
umole of nucleotide); PP, 1 umole; P*P*, 1 umole (5 Xx 10 e. p. m. 
per umole); triphosphates, 5 mymoles each of dATP, dCTP, 
dGTP, and dTTP. The experimental conditions and proce- 
dure have been described under Table VI. 


but only slight reaction, suggesting a slow or limited pyro- 
phosphorolysis of the calf thymus DNA. 

The behavior of enzymatically synthesized DNA is quite 
similar in this regard. Using P-labeled, enzymatically pre- 
pared DNA, the release of acid-soluble material adsorbable on 
Norit, as determined by radioactivity measurements, was 
relatively slight and of the same order as that observed with 
thymus DNA (Table VIII). This was true whether or not the 
triphosphates were present. Identification of the P*-labeled 
material released from the DNA has not been attempted and its 
significance is still uncertain. The enzymatically prepared 
DNA sample also served for the exchange of PP® with the 


triphosphates (last line of Table VIII). 
DISCUSSION 

Studies of bacterial genetics by means of transformation and 
bacteriophages, as well as the earlier cytochemical findings, 
make it appear that DNA is the molecular unit which in most 
cells is responsible for their hereditary properties. According 
to this concept, the structural details of the DNA molecule 
carry the information for producing the biochemical features of 
the cell and must be reproduced during cell division. The 
elucidation of the chemistry of DNA biosynthesis is thus neces- 
sary for a clear understanding of genetic processes. 

We have described in this report procedures which have 
yielded a protein fraction that is over 2000 times more active 
in the synthesis of DNA than the protein in the cell-free extract. 
As a result of purifying the enzyme, certain characteristics of the 
system have become evident which are of considerable interest 
because of their plausibility in relation to genetic knowledge. 

For the synthesis of significant amounts of DNA, it has been 
found essential to provide the enzyme with DNA and the tri- 
phosphates of each of the four deoxynucleosides which commonly 
occur in DNA. These findings immediately suggest the hy- 
pothesis that the added DNA is serving as a primer and template 
and that extensive synthesis of DNA chains is possible only 
when all the complementary deoxynucleotides are available for 
polymerization. This speculation is attractive because it is 
consistent with what would be expected if this enzyme were 
responsible for the synthesis of a self-duplicating molecule. 
It should be emphasized that direct proof of the precise func- 
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tions of DNA in the enzyme system requires much information 
which is now lacking and is being sought. 

The exchange of inorganic pyrophosphate with the deoxy. 
nucleoside triphosphates appears to be of great significance to 
the mechanism of the synthetic reaction, but a clear interpreta. 
tion is not at hand. These results can be regarded as indicating 
that whereas pyrophosphorolysis of a long, tightly coiled, hy- 
drogen-bonded molecule is slow and difficult, single nucleotides, 
or short runs of them, added to the DNA chain during the course 
of synthesis are readily pyrophosphorolyzed. 

The question of the specificity of the nucleotide substrates 
has been investigated only partially. Thymidine diphosphate 
has been noted to be inert in replacing the triphosphate (7), 
and the diphosphates of deoxycytidine and deoxyguanosine have 
also been found totally inactive in place of the respective tri- 
phosphates. ATP, even at high concentrations, fails to sub- 
stitute for deoxyadenosine triphosphate, and when labeled with 
Cie it is not incorporated to a detectable extent.“ Cytidine 
triphosphate labeled with P (Cytidine-P*PP) is not incor- 
porated.* Comparable studies with other ribonucleotides are 
contemplated. The ability of deoxyuridine triphosphate to 
replace thymidine triphosphate and to be incorporated into 
DNA has been mentioned and commented upon (1). 

With regard to the type of DNA which can serve in the 
synthetic reaction, we have pointed out that DNA derived from 
animal or microbial cells is able to support DNA synthesis, but 
that acid or pancreatic DNase-treatment of the DNA renders it 
totally inactive. It is of interest to mention current studies 
showing that DNA may be activated several-fold either by an 
E. coli enzyme fraction separated from the polymerase late 
in the fractionation or by minute amounts of pancreatic DNase 
With 0.2 unit or more of the most purified enzyme fractions, 
the reaction rate becomes a function of the DNA concentration 
and under such conditions preincubation of calf thymus or T2- 
phage DNA with pancreatic DNase’ increases the reaction rate 
up to 3-fold. 

Concerning the nature of the enzymatically synthesized — 
DNA, it has been shown to consist of deoxynucleotides linked 
by typical 3’-5’ phosphodiester bonds. Furthermore, it has 
physical properties essentially the same as those that are con- 
sidered characteristic of native preparations of DNA.“ More 
thorough chemical and physical characterization of the DNA 
is clearly necessary, including tests of biological activity.® 


* Unpublished results. 

7 Amounts of the DNase were used which produce a 60 to 85 
per cent inactivation of the Haemophilus influenzae transforming 
factor. 

* Ultracentrifugal analysis of material, of which more than 90 
per cent originated from the deoxynucleoside triphosphates, 
showed polydisperse material with average sedimentation coeff- 
cients ranging from 208 to 30 8. The viscosities of such prepara- 
tions were slightly less than those of thymus DNA with values for 
different preparations that ranged from 15 to30 (gm. per 100 ml.) . 
These data indicate a molecular weight of the order of 5 X 10°. 
A preliminary report of these findings by Schachman et al. is in 
Federation Proc. (in press). 

Current studies with Haemophilus influenzae DNA show con- 
siderable destruction of the activity of the transforming factor 
upon incubation with the purified polymerase. This residue 
of DNase activity must be eliminated in order to make definitive 
and quantitative studies possible. 
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Of great interest is the question as to whether or not a phos- 
phodiester linkage exists between the added DNA and the 
synthesized DNA. An experimental approach to this problem 
seems apparent in the use of a substrate with a base that is 
chemically distinct from any of those found in the added DNA. 
Thus, if deoxyuridine triphosphate were used in place of thy- 
midine triphosphate in a reaction mixture, the demonstration of 
a dinucleotide of deoxyuridylate and thymidylate (in a DNase 
digest of the isolated DNA) would indicate such an interaction 
of a substrate with an added DNA chain. 


Net synthesis of deoxyribonucleic acid (DNA) has been 
achieved with an enzyme purified from Escherichia coli in excess 
of 2000-fold. For this synthesis, highly polymerized DNA, 
4 deoxynucleoside triphosphates (adenine, guanine, cytosine, 
and thymine) and Mg** are required. Omission of any one of 
the 4 triphosphates reduces the rate of incorporation to about 
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0.5 per cent of the maximal value; omission of DNA abolishes 
it almost completely (less than 0.05 per cent). 

Newly synthesized DNA was produced in amounts that 
exceeded by 10 times the quantity of DNA added. Analyses 
of the dinucleotides obtained from DNA digests of the en- 
zymatically synthesized DNA showed them to contain 3’-5’- 
phosphodiester linkages characteristic of DNA isolated from 
natural sources. 

The synthesis of DNA is accompanied by a release of inorganic 
pyrophosphate equal to the amount of nucleotide incorporated. 
Inorganic pyrophosphate in high concentrations inhibits the 
synthetic reaction. P-labeled pyrophosphate exchanged with 
the terminal pyrophosphate group of the deoxynucleoside 
triphosphates only in the presence of DNA, and at a rate com- 
mensurate with the synthetic rate. In contrast to the synthetic 
reaction, the omission of one of the triphosphates reduced the 
rate of pyrophosphorolysis by 30 per cent instead of by 99.5 
per cent. These results indicate an active pyrophosphorolysis 
under conditions where polymerization is very limited or abor- 
tive. 
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The Activating 


Effect of Adenosine Triphosphate 


on Brain Adenylic Deaminase 


JosePH MENDICINOt AND JoHN A. Muntzf 


From the Department of Biochemistry, Western Reserve University School of Medicine, Cleveland, Ohio 
(Received for publication, December 12, 1957) 


In studies on the phosphofructokinase reaction in powdered 
extracts of acetone-dried dog brain, Muntz (1) found an ade- 
nosine-5’-phosphate deaminase which showed a dependence 
on ATP’. Muntz also showed that ammonia production from 
ATP or AMP in the crude brain extract occurred without a 
concomitant change in inorganic or acid-labile phosphate. The 
main reaction product was identified as IMP. The preparation 
used in these experiments contained myokinase, and it deaminated 
AMP slowly in the absence of ATP. Weil-Malherbe and Green 
(2) have found an ATP-activated deaminase in ox brain. Their 
enzyme preparation was particulate and was not completely 
freed from Schmidt’s deaminase. 

The present study of the ATP-activated dog brain deaminase 
was carried out for the purpose of determining the manner by 
which ATP stimulates the reaction. The ATP-activated 
adenylic deaminase was purified 20-fold over the crude extract 
and was essentially freed from myokinase and Schmidt’s deami- 
nase. The activating effect of ATP has been shown not to be 
caused by the presence of contaminating nucleotides, nor by a 
chelating action. By the use of AMP the possibility of phos- 
phate transfer between AMP and ATP has been eliminated, 
and in the absence of a suitable alternate hypothesis ATP is 
postulated to act in an indirect fashion in this reaction. 

METHODS AND MATERIALS 

Crude preparations of nucleotide triphosphates” were pre- 
pared from horse muscle and from rabbit muscle. Chromatog- 
raphy on Dowex 1 formate columns (3) showed that these pre- 
parations contained predominantly adenine nucleotides. These 
preparations had a much higher contamination of CTP, GTP, 

and UTP than did commercially available ATP. The concentra- 


* This investigation was supported by United States Atomic 
Energy Commission Contract AT-(30-1)-1320. A preliminary re- 
port was presented before the American Society of Biological 
Chemists, New Jersey, April, 1956. 

t Predoctoral Fellow 1956-1958, National Cancer Institute of 
the National Institutes of Health, United States Public Health 
Service. Present address, Department of Biochemistry, Western 
Reserve University, Cleveland, Ohio. 

t Present address, Department of Biochemistry, Albany Med- 
ical College, Albany, New York. 

The abbreviations used are: AMP, adenosine-5’-phosphate 
deaminase; ADP, adenosine diphosphate; ATP, adenosine triphos- 
phate; GTP, guanosine triphosphate; CTP, cytosine triphosphate; 
IDP, inosine diphosphate; ITP, inosine triphosphate; IMP, 
inosine monophosphate; DPN, diphosphopyridine nucleotide; 
DPNH, reduced diphosphopyridine nucleotide; Tris, tris(hy- 
droxymethyl) aminomethane; and UTP, uridine triphosphate. 


tion of the mixed nucleotide triphosphates was estimated by 
using a millimolar extinction coefficient of 15.4 at 260 my. Other 
nucleotides used in the study were commercial preparations. 
AMP and ATP were chromatographed several times to purify 
the samples. Au * was prepared by the method of Eggleston 
(4) and was kindly supplied by Dr. G. Robert Greenberg. A 
millimolar extinction coefficient of 12.2 at 249 ma., at pH 7, was 
used for inosine phosphates and a coefficient of 15.4 at 259 ma., 
at pH 7, was used for adenosine phosphates (5, 6). 

Chromatography was accomplished on Dowex 1 chloride 
columns by adapting the procedures of Cohn (7) and Cohn and 
Carter (8), and on Dowex 1 formate columns by the procedure 
of Cohn (3). These procedures gave very poor resolution of 
IMP and AMP. The best separations were obtained by use of a 
modification of the Cohn and Carter procedure (8) as developed 
by Kurahashi et al. (9). When chromatography was necessary, 
the reaction was stopped by heating at 100° for 3 minutes. The 
mixture was centrifuged, made alkaline with lu NH,OH, and 
applied to the column. 

The enzymes, phosphopyruvic kinase and lactic dehydro- 
genase, were kindly supplied by Dr. K. Kurahashi. 1 unit of 
phosphopyruvic kinase converts | Amole of phosphoenol pyruvate 
to pyruvate in 1 minute, and 1 unit of lactic dehydrogenase 
oxidizes 1 umole of DPNH to DPN in the presence of pyruvate 
in | minute. 

Ammonia was determined by a modification of the diffusion 
method of Conway and Byrne (10). Substrates, buffer, and 
enzyme were added to the ammonia diffusion vessels, which were 
in an ice bath. Then they were transferred to a bath at 38°, 
and after 3 minutes an aliquot was placed in a separate vessel 
containing 10 per cent trichloroacetic acid. This sample was 
taken as the zero time control. The remaining reaction mixture 
was incubated for the indicated time in each case and was then 
stopped by adding trichloroacetic acid. The solutions were 
then made alkaline with concentrated K. (CO,; the ammonia 
was allowed to diffuse overnight and was trapped in a small cup 
containing IN H. S0, suspended from the lid of the vessel. 
The ammonia was determined with Nessler’s reagent and the 
color was compared with standards at 420 my. 


EXPERIMENTAL 
Enzyme Purification—Large doses of Amytal were administered 
to the dog, and as soon as possible after its death the brain was 
removed and frozen in liquid air. It was then allowed to thaw 
at 3°, after which it was homogenized in a Waring Blendor 
with acetone at 0° (10 ml. per gm. of tissue). The acetone was 
removed by filtration with suction on a Buchner funnel. The 
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pulp was extracted two more times with acetone by the same 
procedure. The final dehydrated powder was stored in vacuo 
over H,SO, at —8°. This powder retains full activity even after 
a year. 

1 gm. of the acetone powder was homogenized in 10 ml. of 
cold distilled water. The solution was centrifuged at 100 x g 
for 15 minutes at 2° in order to remove the bulk of the insoluble 
material. All remaining insoluble material was then removed 
by centrifuging in a refrigerated Spinco high speed centrifuge 
at 105,000 x g for 30 minutes. The protein content and en- 
symatic activity of the dog brain deaminase obtained by this 
treatment was nearly constant; in 15 separate preparations 
the protein was found to vary between 12.0 and 15.5 mg. per 
ml. of water extract, whereas the deaminase specific activity 
varied between 0.2 and 0.25 units per mg. of protein. A unit of 
activity is equal to the formation of 1 ymole of NH; or IMP from 
AMP per minute in the presence of excess ATP. 

The distilled water extract contained myokinase and enzymes 
capable of forming some ammonia from AMP in the absence of 
ATP. It was stable for approximately a month when frozen 
and stored at —10°. Further purification was achieved by 
fractionation with sodium sulfate at 15° (Table I). The method 
finally adopted was as follows. Finely ground solid sodium 
sulfate (0.15 gm. per ml. of crude extract) was added slowly. 
The temperature was kept between 15 and 20° by stirring in a 
water bath. The Na, SO, was not added until the temperature 
was raised to at least 15°. The solution was then centrifuged 
at 15° and the precipitate was dissolved in 0.05 M Tris buffer, 
at pH 7.0, in a volume equal to that of the original crude extract. 
A second precipitation with 0.2 gm. of Na, S0, per ml. of the 
above solution was carried out in order to remove all traces of 
myokinase, and the precipitate was dissolved in a volume of 
0.05 u Tris buffer equal to that of the original crude extract. 
This partially purified enzyme is unstable and loses most of its 
activity overnight, even when stored at —10°. The activity 
was usually 1.5 to 4 units per mg. of protein. The above pro- 
cedure, involving two precipitations with Na, SO. was adopted 
because by this method almost all of the ATP-activated de- 
aminase can consistently be precipitated with 0.15 gm. of sodium 
sulfate per milliliter (Table I), and because the myokinase activity 
and the activity associated with the deamination of AMP in 
the absence of ATP are almost completely removed by this 
treatment. 

Several other fractionation procedures, including heat de- 
naturation, absorption on gels, and ethanol fractionation at —5° 
were tried in an attempt to remove the slight deaminating ac- 
tivity on AMP alone. All were unsuccessful. 
Assays of myokinase activity (Fig. 1) in the different fractions 
were carried out by a modification of the spectrophotometric 
procedure developed by Kornberg and Pricer (11). In this 
system any ADP produced by myokinase action from AMP and 
ATP is accompanied by the stoichiometric oxidation of DPNH to 
DPN, and the decrease in adsorption at 340 muy. is measured. 
Because the control contained only ATP as a substrate, DPNH 
oxidation would be a measure of ATPase activity. It is evident 


from Fig. 1 that there was very little ATPase, even in the crude 
extract. The crude extract contained appreciable myokinase 
activity; the first sodium sulfate treatment greatly reduced this 
activity and the second almost completely removed the myo- 
kinase. Actually, it may be calculated from Fig. 1 that after 
two precipitations with sodium sulfate less than 0.05 umoles 
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Taste I 
Purification of dog brain acetone powder extract 
by sodium sulfate fractionation 
Protein Activity (smoles 
Whole extract............ 14.5 2.9 0.20 
(em. / ml.): 
0.44 1.1 4.0 
— — V 1.37 2.4 1.75 
DD 2.0 2.9 1.45 
D 2.6 2.9 1.12 


Each vessel contained Tris buffer, 0.035 u; AMP, 0.005 u; ATP, 
0.005 u; MgCl, 0.005 M; and enzyme, 0.1 ml., in a total volume of 
I ml. Incubation was for 15 minutes at 38°. 


of AMP and ATP would be converted to ADP in 15 minutes 
by the amount of the enzyme left. 

The requirement of the crude extract and the partially purified 
enzyme for magnesium was tested. The enzyme in each case 
was dialyzed against 8 liters of 0.0005 1 Tris buffer at pH 7.5 
for 22 hours. Magnesium ions did stimulate deamination 
somewhat in the crude extract but did not increase the rate 
with the purified enzyme. It may be concluded that the enzyme 
does not require added Mg** for maximal activity. 

Specificity of Enzyme—In Table II are listed the results of 
study of the specificity of the deaminase reaction for different 


i enzyme 
ADP or from AMP, ADP, or ATP alone. Production of signifi- 
cant amounts of ammonia occurred only when both ATP and 
AMP were present. ADP was thus eliminated as a reactant and 
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Fic. 1. Spectrophotometric assay for myokinase in the pre- 
cipitates from crude extract and Na,SO,. The following, in or- 
der of addition, were added to a final volume of 3 ml. with the 
indicated molarity: Tris buffer, 0.03 Mu, at pH 7.0; MgCls, 0.01 u:; 
ATP, 0.00025 u; pyruvate, 0.003 M; DPNH, 0.0001 M; phospho- 
pyruvic kinase, I unit; lactic dehydrogenase, 3 units; enzyme 
to be tested, 0.3 mg. in each case; and AMP, 0.00025 u. The 
crude extract was used in the control; AMP was omitted in the 
control. 
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Taste II 
Deamination of AMP, ADP, and ATP by crude 
extract and partially purified enzyme 
NH, produced in 15 min. 
Substrate 
Crude extract purified enzyme 

moles pmoles 
ous 0.3 0.01 
. 0.2 0.12 
2.59 0.05 
3.89 2. 98 


The conditions are the same as those described in Table I. 5 
umoles/ml. of each substrate were used. 


Taste III 
Comparison of crude triphosphate preparations with 
crystalline ATP in deaminase reaction 


Preparations used Amount r 
pmoles pmoles 
Crystalline ATP..................... 2.5 1.45 
Impure horse muscle triphosphates. .. 2.5 1.0 
Impure rabbit muscle triphosphates. . 2.5 1.0 


Conditions are the same as those described for Table I. Each 
vessel contained 5 wmoles of AMP and the other nucleotides 


noted above. 
TABLE IV 
Stoichiometry of reaction 
Extract NH. IMP AMP ADP ATP ~P 
pmoles present/3 ml. 
Purified enzyme 
Zero time....... 0 0 10.1 0.9 9.2 19.3 
15 min.......... 4.8 4.5 5.6 0.9 9.0 18.9 
. +4.8 | 44.5 —4.5 0 —0.2 —0.4 
Crude extract 
Zero time....... 0 0 10.1 0.9 9.2 109.3 
15 min. 4.7 4.5 3.6 6.6 6.2 19.0 
15 +4.7 44.5 —6.5 75.7 —3.0 —0.3 


Each vessel contained Tris buffer, 0.035 u, pH 7; ATP, 10 umoles; 
AMP, 10 wmoles; and either crude extract or Na;SO,-precipitated 
enzyme, 0.2 ml., in a final volume of 2 ml. The NH; was deter- 
mined on an aliquot of the denatured filtrate used for nucleotide 
determination. The reaction was run at 38°. 


the absolute requirement of the enzyme for ATP was demon- 
strated. 

In order to show definitely the dependence of the reaction on 
ATP and not on some contaminant present in the ATP, crude 
triphosphate preparations containing about 60 per cent ATP 
were compared with crystalline ATP (Table III). These 
crude ATP preparations containing other diphosphates and 
triphosphates failed to achieve activation of the deaminase 
system over and above that which would be expected from the 
1.5 umoles of ATP present. It may be concluded that the 
triphosphate involved in the deaminase reaction is ATP and 


ATP-Activated Adenylic Deaminase 


the Na,SO-precipitated enzyme is used. crude 
extract the AMP that is disappearing and IMP that is formed 
are not equivalent. The presence of myokinase in the crude 
extract is evident from the distribution of nucleotides. With 
the purified enzyme the disappearance of AMP is accounted for 
by the appearance of IMP and NH,, and the concentration of 


is absent in the twice precipitated enzyme, whereas the acetone 
powder extract shows an appreciable formation of ADP. 

pH Optimum—The deamination proceeds rapidly over 3 
broad pH range (Fig. 2). The enzyme appears to be active 
between pH 5.5 and 8.0 when measured in Tris succinate buffer 
(Curve A). However, in succinate pyrophosphate buffer 
(Curve B) there is an inhibition when the pH is more alkaline 
than 6.5, suggesting that the trivalent pyrophosphate ion is 
an inhibitor. Phosphate buffer was also found to be inhibitory 
in this same manner. 

Effect of Concentration of Reactions—In Fig. 3 is shown the 
difference in the requirement of the enzyme for AMP and ATP. 
In one experiment (Curve A), 7.5 umoles of AMP were present 
in each vessel and increasing amounts of ATP were added. Only 
2 mmoles of ATP were required for maximal ammonia produc- 
tion. Calculated K., for ATP is 2 x 10-* M. In the experi- 
ment of Curve B, 7.5 wmoles of ATP were added initially and 
incubated with increasing amounts of AMP. No maximal rate 
of ammonia production was reached even at AMP concentra- 
tions as high as 12 mmoles. The K,, for AMP, as calculated 
by the Lineweaver-Burk method, is 2 x 10-* M. Thus the en- 
zyme requires high levels of AMP, as compared to ATP, for 
full 
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Fia. 2. Effect of pH on the deaminase activity. Curve A (@) 
represents the activity in Tris succinate buffer, 0.02 u with respect 
to each buffer and adjusted to the appropriate pH. Curve B (A) 
represents the activity in pyrophosphate-succinate buffer, 0.02 1 
with respect to each and adjusted to the indicated pH. Each 
vessel contained 7.5 umoles of ATP and 7.5 umoles of AMP. The 
experimental conditions are the same as those described for Ta- 
ble I. 
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not some other contaminant of the ATP acting in catalytic 
concentrations. 

Stoichiometry of Reaction—In Table IV is presented the 
stoichiometry of the reaction when either the crude extract or 
ATP and ADP does not change appreciably. Thus, adenylie 
acid is converted to inosinic acid and ammonia, and ATP is 
a pecovered unchanged at the end of the reaction. Myokinase 
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Effect of Preincubation—In a further study of the activating 
effect of ATP, the addition of substrates in various sequence 
was examined (Fig. 4). In one vessel, AMP and ATP were 
incubated with the enzyme until ammonia production ceased 
(Curve A). Then an additional 5 umoles of AMP per ml. were 
added. This is shown in the upper part of the curve. In 
another vessel AMP was incubated for 1 hour with the enzyme 
(Curve B), after which 5 ymoles of ATP per ml. were added. 

It may be seen that the addition of AMP to the enzyme after 

incubation with AMP and ATP had the same effect as the 
addition of ATP after preincubation with AMP. Thus pre- 
treatment of the enzyme with either AMP or ATP did not affect 
the rate of ammonia formation when the other substrate was 
added. An induction period was not detected in either of the 
above cases. It will be noted that ammonia production from 
AMP alone (Curve B) ceased after 30 minutes of incubation 
in spite of the fact that there was ample AMP still present. 

It was possible that ATP might be activating the preparation 
by some nonspecific action such as phosphorylating the protein 
to a phosphoprotein or binding and removing some tightly 
bound metal. In order to check these points, the dialyzed 
sodium sulfate extract was preincubated with ATP. The 
solution was then divided into two portions. One portion was 
dialyzed against 0.0005 M Tris buffer, at pH 7.0, for 3 hours to 
reduce the concentration of the free ATP. A second portion 
was precipitated with sodium sulfate and then redissolved to 
remove the free ATP. These ATP-pretreated extracts were 
then incubated at 38° with AMP alone. No significant increase 
in ammonia production over an untreated control was found. 
Moreover, when ATP was added to the dialyzed preparation 
or to that treated with sodium sulfate, deamination did occur, 
showing that the enzyme had not been inactivated. Dialysis 
against 0.01 u Versene also failed to stimulate production of 
ammonia from AMP alone. 

Origin of Products—It was possible that ammonia formed in 
the deamination reaction might arise either directly from AMP 
or from ATP by some complex series of pyrophosphate transfer 
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Fic. 4. Effect of adding AMP or ATP after preincubation with 
AMP plus ATP or AMP alone. Curve A: This vessel contained 
0.02 M Tris, 50 umoles each of AMP and ATP, and enzyme in a 
final volume of 10 ml. The conditions were the same as those in 
Fig. 1. At the time indicated by the arrow, 5 uwmoles more of 
AMP per ml. of remaining incubation mixture were added. Curve 
B: This vessel contained 0.02 u Tris, 50 umoles of AMP, and en- 
zyme in a final volume of 10 ml. At the time indicated by the 
arrow, 5 umoles of ATP per ml. of remaining incubation mixture 
were added. Aliquots were taken at indicated intervals and 
deproteinized in 10 per cent trichloroacetic acid for ammonia 


analysis. 


Taste V 
Evidence for direct conversion of AMP to IMP 
Substance recovered after 60 min. Amount present Total counts Ispecisie activity 
pmoles c. m. ¢.p.m./pmole 
8.3 356,000 42, 900 
1.2 49,600 41,400 
EEE 3.9 69,000 17,500 
6.7 17,650 2, 700 


The reaction vessel contained Tris buffer, 0.020 u, pH 7; Au, 
(54,400 e. p. m./amole); ATP, 10 moles; MgCl:, 
0.005 M; and Na;SO,-precipitated enzyme and water to a final 
volume of 2 ml. Reaction time was 30 minutes at 38°. 


In order to test this possibility, adenylic acid labeled with P® 
(containing 54,000 c.p.m. per umole) was incubated with non- 
isotopic ATP in the presence of the enzyme (Table V). 

It may be seen that the specific activity of the isolated IMP 
is very nearly equal to that of isolated AMP. The next highest 
specific activity is in ADP, in which the activity is about 23 
times less than that of AMP or IMP. The ATP fraction has 
very little activity. The incorporation of isotope into the ADP 
and ATP fractions can be accounted for by the residual myo- 
kinase activity present in this particular enzyme preparation. 
Thus it is possible to conclude that, although ATP is required 
for deamination, the IMP formed by the action of the enzyme 
arises directly from AMP. 

Reversibility—The reaction appears to be irreversible. Ex- 
periments with IMP, ammonia, and ATP failed to show any 
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AMP synthesis. When ITP, ammonia, and AMP were in- 
cubated together no ATP was found. Further, we have never 
detected any ITP at the end of any incubation following separa- 
tion of the nucleotides. When ITP, IMP, or ammonia was 
added to a vessel containing ATP and AMP, the deamination 
reaction proceeded just as rapidly as when these substances 
were absent. Thus the reaction is not inhibited by the end 
products. 
DISCUSSION 

Several ic reactions in which ATP is not used up 
are known to be activated by ATP. Lyubimova and Matlina 
(12) have reported an adenylic deaminase associated with myosin 
which is activated by ATP. Hurwitz et al. (13) have reported 
an ATP-activated enzyme from Azotobacter vinelandii capable of 
converting AMP to adenine and ri te. We, as 
well as Weil-Malherbe and Green (2), have found ATP-activated 
adenylic deaminase in brain acetone powders. In all of the ATP- 
activated reactions listed above only AMP can serve as sub- 
strate, and the reactions appear to be irreversible. An in- 
hibition by inorganic phosphate is common to all. 

The activating effect of ATP is specific for this enzyme. Non- 
specific activation by ATP, such as binding of an inhibitor 
by chelation, does not seem probable since other chelating agents 
such as ethylenediaminetetraacetic acid fail to activate the 
preparation. Other triphosphates which might act catalytically 
and which are present as contaminants of crude ATP were 
shown not to be involved. ATP cannot be replaced by other 
nucleoside polyphosphates such as ITP, IDP, or ADP, and the 
stimulatory effect of a crude, mixed triphosphate preparation 
is less than that of pure ATP. Since the only combination 
from which ammonia is produced by the purified enzyme is 
ATP plus AMP, ADP can be eliminated as a reactant and 
involvement of myokinase or ATPase in the reaction can be 
excluded. 

In the crude extract, ATP plus ADP results in much greater 
production of ammonia than does ADP alone. With ADP 
alone more AMP would be formed than with ADP plus ATP 
because of the equilibrium of the myokinase reaction. Yet 
in spite of the smaller amounts of AMP formed, when ATP 
plus ADP are used, over two-thirds more ammonia is formed 
then when AMP plus ATP are used. This demonstrates again 
the dependence of the deamination reaction upon the presence 
of relatively high levels of ATP. 

The exact manner by which ATP stimulates the deamination 
reaction is not yet clear, since the ATP is recovered unchanged 
at the end of the reaction. The experiments of Hurwitz et al. 
(13) with C-labeled AMP in the microbial extract and our 
own experiments with P®-labeled AMP, using the extract of 
brain acetone powder, indicate that ATP is not labeled by AMP. 
Further, the products adenine and inosinic acid, respectively, 
were shown to arise directly from the labeled AMP. 

The activating phenomena would appear to involve some 
reaction or interaction of ATP with the protein. Nevertheless, 
the deamination of AMP by this enzyme would be controlled 
by the level of free ATP since very little of the ATP present 
would be expected to be bound to the enzyme. In spite of the 
fact that no inorganic phosphate and no ADP could be detected 
when the enzyme was incubated with AMP and ATP, it was 
still possible that a direct phosphorylation of the protein to a 
phosphoprotein was involved in the activation. It is probable 
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that the small amount of ADP and phosphoprotein which could 
be formed in such a system could not be detected by the assay 
systems used. Najjar and Pullman (14) have shown that 
phosphoglucomutase is a phosphoprotein. The P phospho- 
protein can exchange with glucose-l-phosphate, glucose-6- 
phosphate, or glucose-1 ,6-phosphate. Hexokinase (15) has 
also been reported to behave in this manner. It is not likely 
that this type of mechanism is involved in the ATP-activated 
deaminase since it was shown with Au that no phosphate 
transfer reactions are involved between ATP or AMP. Another 
type of phosphoprotein involved in transfer reactions is phos 
phorylase. The properties of this enzyme have been described 
by several workers (16-20). This phosphoprotein is activated 
by ATP but the phosphates of the phosphoprotein do not take 
part in the reaction. The enzyme in this case cannot be in- 
activated by incubation with substrate; instead, a specific 
phosphatase is required. 

It is not likely, however, that the ATP-activated deaminase 
is a phosphoenzyme of the phosphorylase type. Following 
purification the enzyme would be expected to be in the non- 

lated form since there is no deamination in the absence 
of ATP. This preincubation of the enzyme with ATP, fol- 
lowed by dialysis or precipitation with sodium sulfate to remove 
the free ATP, would be expected to leave an activated phospho- 
enzyme, as is the case with phosphorylase. However, the pre- 
incubated enzyme failed to deaminate AMP in the absence of 
ATP. Furthermore, the reaction did not show an induction 
period. The order of addition of AMP or ATP or combinations 
of these in the presence of the enzyme did not alter the rate of 
formation of ammonia. For these reasons, ATP activation 
would not seem to involve phosphorylation of the protein. 

The possibility still exists that ATP is the immediate ammonia 
donor, and that the ITP formed is reaminated by AMP. When 
ITP is incubated with AMP in the presence of the enzyme no 
ATP can be detected, nor can ITP stimulate formation of 
ammonia from AMP. However, an enzyme-ITP complex 
rather than free ITP may be involved. There is now some evi- 
dence for reamination of inosine phosphates in brain tissue. 
Weil-Malherbe (21) reported the amination of ITP or IMP in 
rat brain homogenates. Recently Kometiani and Klein (22- 
24) have reported the amination of IMP and ITP in dialyzed 
brain homogenates. 

It was possible that the same ATP-activated deaminase 
might be involved in reamination. The above mentioned authors 
studied the effect of ATP on the reamination reaction. They 
found that IMP was reaminated by glutamate or glutamine 
only in the presence of ATP. It did not have an effect when 
y-aminobutyric acid was used. When we added glutamate or 
glutamine to the partially purified ATP-activated deaminase 
in the presence of IMP and ATP no AMP was formed, nor was 
ammonia produced. However, it is possible that protein- 
bound glutamine is involved in the deamination-reamination 
system in brain. Several workers (25, 26) have shown that 
there is a splitting off of amido-nitrogen from the polypeptide 
from bound glutamine. 


SUMMARY 
A soluble enzyme capable of deaminating adenosine-J5- 
phosphate only in the presence of adenosine triphosphate (ATP), 
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present in acetone powder extracts of dog brain, has been purified 
20-fold, essentially free of adenosine triphosphatase, myokinase, 
and adenosine and adenylic deaminases. It has an absolute re- 
quirement for relatively high levels of ATP (0.002 ). The 
activating effect of this substance is specific and cannot be at- 
tributed to catalytic quantities of other triphosphates contam- 
inating it, nor can it be replaced by adenosine diphosphate or 
by inosine di- or triphosphates. 
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Experiments with P®-labeled adenosine-5’-phosphate show 
that it is the direct source of the inosinic acid formed. ATP 
is recovered unchanged at the end of the reaction; preincubation 
of the enzyme with it, followed by precipitation or dialysis, 
fails to activate deaminase. 

Other chelating agents failed to activate the deaminase 
preparation. The activation of the deaminase system would 
seem to require a direct but loose binding of ATP to the protein. 
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A continuing study of the quantitative histochemistry of the 
nervous system has emphasized the need for an analytical method 
for DNA! of sufficient sensitivity to be applicable to histologically 
defined samples, in order to permit correlations of cell density 
with the concentrations of other constituents measured in such 
samples. Measurement of DNA in samples of tissue has been 
accomplished most generally by the spectrophotometric deter- 
mination of the colored product of the reaction between deoxy- 
ribose and diphenylamine (1, 2) by estimation of DNA-phos- 
phorus” (3), and by measurement of the ultraviolet absorption 
of a hot acid extract of DNA (4). These methods require sam- 
ples of tissue of the order of 50 to 100 mg. of brain. Recently 
described analytical methods based on the indole reaction (5) 
and on ultraviolet absorption by a hot PCA' hydrolysate of 
DNA (6) permit the determination of DNA in from to 2000 
ug. wet weight of whole brain. In tissue with the ‘regional 
complexity of the central nervous system, histologically defined 
samples of even this small size can be obtained only by tedious 
dissection and pooling of samples. This report presents a fluo- 
rometric procedure which permits the measurement of as little 
as 2.4 mug. of DNA? and is therefore applicable to single 
frozen-dried samples of relatively homogeneous architecture and 
of a size easily dissected from frozen-dried microtome sections 
of tissue. The method may therefore be applied to specimens of 
2 to 3 ug., dry weight, from most areas of the central nervous 
system and to those of 0.2 to 0.3 ug., dry weight, from a cell- 
rich area such as the granular layer of the cerebellar cortex. 
The analytical method may be applied to approximately 4 yg., 
wet weight, of liver or kidney. No separation of DNA and 
RNA is necessary, for the reaction is highly specific for deoxy- 
ribose as opposed to ribose. 

The reaction employed is a modification of the Doebner-Miller 
quinaldine synthesis, whereby aldehydes of the type R—CH;— 
CHO yield strongly fluorescent products when allowed to react 
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1 The following abbreviations are used in this paper: DNA, de- 
oxyribonucleic acid; RNA, ribonucleic acid; DABA, 3,5-diamino- 
benzoic acid dihydrochloride; TCA, trichloroacetic acid; PCA, 
perchloric acid. 

2 Equivalent to 5.94 mumoles of DNA phosphorus. The DNA 
standard used contained 7.67 per cent phosphorus. 


with DABA under rather violent conditions of prolonged heat- 
ing in concentrated mineral acids (7). The reaction is a general 
one, requiring only that the carbon atom in the a position to 
the aldehyde group be unsubstituted. An analytical method 
for acetaldehyde based on this reaction has been described (8) 
and the reaction has been reported to occur with 2-deoxy su- 
gars (9). Subsequently, the reaction was suggested as a quali- 
tative test for deoxyribose in mixtures of pentoses (10). The 
present method is a modification of that suggested for acetalde- 
hyde. By reducing volumes and extensively modifying condi- 
tions under which the reaction is carried out, a maximal sensi- 
tivity approximately 50 to 10,000 times that of existing analytical 
methods for DNA was achieved. 


EXPERIMENTAL 


Apparatus Preparation and handling of frozen-dried samples 
of tissue and the techniques used in handling the small volumes 
necessary have been described (12). A centrifuge vacuum desic- 
cator (13) was used to dry precipitates or standards. Alterna- 
tively, they were dried in a stream of filtered air. By using a 
Farrand fluorometer fitted with an adaptor to accept tubes 5 
mm. in outside diameter, it was possible to determine fluorescence 
in as little as 50 yl. of solution (11). 


Reagents 


All aqueous reagents were dissolved in glass-distilled water. 
DNA Standards—Stock solution was prepared by dissolving 
20.0 mg. of DNA in 10.0 ml. IN NH,OH. The DNA (Cali- 
fornia Foundation for Biochemical Research) was obtained from 
salmon sperm, phosphorus content 7.67 per cent. In some ex- 


A solution of 5 gm. of 3,5-dinitrobenzoic acid in ethanol was 
agitated under hydrogen at 1 atmosphere of pressure after adding 
1 gm. of 10 per cent palladium on carbon particles (J. T. Baker 
Chemical Company, Newark, New Jersey). The mixture ab- 
sorbed the theoretical volume of hydrogen in 12 minutes. The 
palladium was removed by filtration and the ethanol was allowed 
to evaporate, leaving a dark brown granular material. This ma- 
terial was dissolved in 10 ml. of 3 . HCl and precipitated as 3,5 
diaminobenzoic acid dihydrochloride by adding an equal volume 
of concentrated HCl. The precipitate was recovered by centrifu- 
gation and was recrystallized three times from 6 ~ HCl, or until 
the supernatant fluid had a constant clear rose color. The pre- 
cipitate was dried in air and stored in a brown glass bottle. The 
final fluffy gray powder had a melting point of 200° (uncorrected) 
and charred at 226° to 228°. 
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periments another preparation of DNA (Worthington Biochem- 
ical Corporation), containing 7.37 per cent phosphorus, was used. 
These two preparations yielded identical fluorescence in terms 
of their phosphorus content. Stock solutions of DNA were 
stored at 4°. Working standards were prepared by diluting the 
stock solution with 1 sw NH. OH. 

DABA—A preparation synthesized from dinitrobenzoic acid? 
was used in most of the experiments reported. For the analytical 
procedure, a 2 M (approximate) solution was prepared by dis- 
solving 0.4 gm. of DABA in 1 ml. of water. The dark brown 
solution was decolorized by successive extractions with 0.01 to 
0.02 gm. of Norit A and recovered with a fine-tipped pipette after 
centrifuging. Maximum lowering of blank readings was 
achieved by five to seven such extractions, after which the solu- 
tion had a barely perceptible pale yellow color. Further ex- 
tractions were associated with elevation of blank readings and 
erratic, and, in general, low analytical results. The solution of 
DABA yielded increasing blank readings on succeeding days. 
The increase in blank readings could be minimized by protecting 
the solution from exposure to light. Blank readings of a solu- 
tion stored in an opaque container at room temperature increased 
approximately 10 per cent per day without affecting the net 
fluorescence of the product of its reaction with DNA. Stored 
frozen, the solution of DABA is stable overnight. Although 
stored solutions were used for 2 or 3 days in routine applications, 
for greatest sensitivity the solution was prepared just prior to 
use in quantities sufficient for 1 day’s experiments. Pure 3,5- 
diaminobenzoic acid (not the dihydrochloride) is commercially 
available (Aldrich Chemical Company, Milwaukee, Wisconsin). 
A supply of this material was obtained late in the development 
of the analytical procedure. A solution of 0.30 gm. of this ma- 
terial dissolved in 1 ml. of 4.0 * HCl after being decolorized with 
Norit yielded, when allowed to react with DNA, approximately 
the same intensity of fluorescence as DABA prepared as described 
above. Blank readings were approximately 60 per cent of those 
of the DABA prepared as described. 

Analytical Procedure 

The method of preliminary precipitation and extraction is 
essentially that used in the microdetermination of lipides (14). 
All extractions were similarly performed; the procedure consisted 
of (a) gently mixing the solution so that no precipitate would be 
left clinging to the inside of the tubes where it could not be ex- 
tracted by subsequent solvents, (6) centrifuging for 5 to 10 
minutes at 2000 r.p.m., and (c) pipetting off the supernatant 
fluid, which was then discarded or saved for determination of 
lipides. 


Frozen-dried sections of tissue, or 2.5 ul. of brain homogenate, 
representing 10 to 100 g., wet weight, of whole brain, were 
placed in pointed tubes having an inside diameter of 2.5 mm., 
and the tubes were immersed in ice water. To the tubes con- 
taining the sections of tissue were added 5 ul. of cold 0.3 * TCA 
and to those containing the homogenates, 2.5 ul. of 0.6 x TCA. 
5 ul. of 0.3 * TCA were added to empty control tubes, to be 
carried through the entire procedure as blanks and for subse- 
quent addition of standards (see below). Thereafter, the ho- 
After centrifuging, 4 ul. of the supernatant fluid were removed 
and discarded. From the precipitate, lipides were extracted 
with 10 ul. of 0.1 & alcoholic potassium acetate, in which the 
precipitate was allowed to stand for 5 to 10 minutes before cen- 
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10 yl. of absolute alcohol, were performed, during the first of 
which the tubes, capped with Parafilm, were heated at 60° for 
Each alcoholic extraction was followed by centri- 
removal of 8 to 9 ul. of the supernatant fluid. 
extraction with alcohol the precipitates were 
trifuge desiccator. Into the control tubes were 


To the blank tubes and to those containing the residue of 
dried tissue and the standards, 1 ul. of freshly prepared 2 mu 
DABA was added with vigorous mixing by agitating (11). The 
tubes were then tightly capped with cut-off plug ends of serum 
bottle stoppers (sleeve type, rubber) (Aloe Scientific, No. 72400A) 
and were heated at 60° for 30 minutes in a shallow water bath. 

To each of the tubes 20 ul. of 0.6 * PCA were added, with 
mixing. From each tube 16 ul. were then transferred to a special 
fluorometer tube containing 35 ul. of 0.6 n PCA. This method 
of diluting the fluorescent solution obviates the necessity of re- 
moving a small aliquot from the volume of 1 ul. in the reaction 
tube and insures recovery of any fluorescent material that may 
have crept up the inside of the tube. 

Fluorescence was determined in the modified Farrand flu- 

orometer. For this procedure Corning filters 5970, 4308, and 
3060 were used in the primary (to isolate the Hg line, at 405 to 
408 my), and Corning filters 5031 and 3384 were used in the 
secondary (maximal transmission at a wave length of 520 my). 
The diluted fluorescent solution remains stable for at least 2 
hours. 
Amounts of DNA from 50 to at least 6400 mag. (0.124 to 
15.8 mmoles of DNA phosphorus) may be determined in a final 
volume of 1 ml. in commercially available tubes (10 x 75 mm., 
Corning No. 9820) by doubling the volumes used in each ex- 
traction, increasing the volume of DABA to 5 to 15 ul., and, 
after heating, transferring suitable aliquots to fluorometer tubes 
containing 1.0 ml. of 0.6 N PCA. 


Comment on the Analytical Procedure 

The initial precipitation with TCA prevents possible contami- 
nation by acid-soluble a-methylene aldehydes. However, this 
is perhaps unnecessary for brain, since the fluorescence produced 
by allowing the supernatant fluid from the initial acid precipita- 
tion of brain to react with DABA was only 1 to 3 per cent of 
that yielded by the reaction of DABA with the final lipide-free 
precipitate. It is, however, necessary to extract with lipide 
solvents, as these remove materials which yield fluorescence with 
DABA. The hot, alcoholic, supernatant solution removed dur- 
ing the extraction of lipides, when evaporated to dryness and 
allowed to react with DABA, yielded an amount of fluorescence 
approximately 50 per cent of that obtained from the final lipide- 
free precipitate. Since 80 per cent is removed in this and the 
succeeding extraction, the amount of interfering material re- 
maining in the supernatant fluid from the final alcohol extraction 
will be less than 2 per cent. 

In the final analytical step, the purine deoxynucleotides are 
hydrolyzed by the strongly acid DABA, and a fluorescent prod- 
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trifuging. Thereafter, the extractions were conducted at room | 
temperature. After centrifuging, 8 or 9 ul. of the supernatant 

) fluid were removed and two successive extractions, each with 
pipetted 1 ul. volumes of IN NH. OH for blanks and 1 yl. vol- 
umes of DNA standards containing 10, 20, 40, and 80 myg. of 
DNA per al. Standards and blanks were then evaporated to 
dryness. Beyond this point, tissues, standards, and blanks were 
treated identically. 
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Fic. 1. Proportionality between intensity of fluorescence and quantity of pure DNA and of whole brain. 


Aliquots of varying con- 


centrations of DNA in IN NH,OH were evaporated to dryness and allowed to react with 15 fl. (macro) or 1 wl. (micro) of 2 u DABA 
at 60° for 30 minutes, then diluted with 1.0 ml., or 51 Al., of 0.6 PCA for determination of fluorescence. Samples of varying con- 
centrations of whole rabbit brain homogenate were precipitated and extracted as described in the text, and the dried residue was al- 
lowed to react with 15 wl. (macro) or 1 wl. (micro) of 2 u DABA. Fluorescence was determined after diluting with 1.0 ml. (macro) or 
51 wl. (micro) of 0.6 n PCA. Blanks consisted of 1 s NH,OH for the DNA series and water for the brain series. Respective blank 
values in these experiments were equivalent to 19.4 mag. of DNA or 40.1 g., wet weight, of brain (macro); 2.65 mug. of DNA or 7.85 


pg. of brain (micro). 
four experiments. 


uct is formed by the reaction between DABA and the liberated 
deoxyribose. In preliminary experiments the fluorescent prod- 
uct was obtained by allowing DABA to react for 60 minutes at 
room temperature with a hydrolysate obtained by heating the 
DNA or lipide-free residue of tissue in 0.3 * TCA at 90° for 15 
minutes. The use of the strongly acid DABA to accomplish 
both hydrolysis of DNA and formation of the fluorescent product 
in a single step made possible a 2- to 3-fold reduction in blank 
values as well as a simplification of the procedure by eliminating 
the extraction inhot TCA. The ratio of intensity of fluorescence 
yielded by DNA to blank readings is maximal when DABA and 
DNA are allowed to react for 30 minutes at 60°. Higher tem- 
peratures greatly increase blank readings without increasing the 
fluorescence yielded by DNA, and at temperatures below 50° 
the reaction is incomplete. 

Fluorescence obtained by allowing DABA to react with DNA 
was proportional to the amount of DNA over the range 100 to 
6400 mg. of DNA when the reaction was conducted, in a vol- 
ume of 15 ul. and fluorescence was determined in a volume of 
1.0 ml., and over the range 4.68 to 298 mug. when the reaction 
was conducted in a volume of I ul. and fluorescence was deter- 
mined in a volume of 51 yl. in special fluorometer tubes (Fig. 1). 

When the reaction with DABA was carried out in a volume of 
15 ul., the intensity of fluorescence determined in a volume of 
1.0 ml. was proportional to the amount of brain analyzed over 
the range 138 to 4400 ug., wet weight. Fluorescence determined 
from a final volume of 51 ul., after allowing the reaction with 
DABA to occur in 1 ul., was proportional to amount of brain 
analyzed over the range 6.75 to 216 Ag., wet weight (Fig. 1). 

Specificity—The reaction with DABA was carried out in a 
volume of 15 yl. on a series of nucleic acid derivatives and related 


Fluorometer readings include subtraction of blank values and are in arbitrary units which differed among the 


1 ml. of 0.6 ~ PCA. Under these conditions 0.174 wg. of DNA 
yielded a net fluorometer reading of 366 and 2.19 wg. of RNA 
vielded a net fluorometer reading of 8.0, or 0.19 per cent of the 
fluorescence per ug. produced by DNA. Iu a similar experiment 
1.25 wg. of DNA yielded a reading of 622, and 15.0 yg. of RNA 
yielded a fluorometer reading of 5.8, or 0.1 per cent of the reading 
from an equivalent amount of DNA. This amount of RNA is 
equivalent to 970 times the amount of DNA which would yield 
a net fluorescence equal to the blank value. No fluorescence 
resulted from the reaction with p-ribose in amounts of 1.5 and 
29 ug. No fluorescence was obtained when DABA was allowed 
to react with glucose, glucosamine, inositol, adenine, uracil, 
xanthine, thymine, cytidine, cytosine, cytidylic acid, uridine, 
uridylic acid, adenosine, adenylic acid, guanine, or guanylic acid, 
in amounts between 7 and 209 mumoles. 

In accord with the relative resistance to acid hydrolysis of the 
pyrimidine deoxyribosides and pyrimidine deoxynucleotides, the 
reaction with DABA appears to measure almost entirely the de- 
oxyribose liberated from purine deoxynucleotides. Accordingly, 
DNA yielded approximately half the fluorescence produced 
by equal molar amounts of deoxyadenylic acid, deoxygua- 
nylic acid, or their corresponding deoxyribosides. Thymi- 
dine and thymidylic acid (calcium salt) yielded from 1 to 3 per 
cent of the fluorescence of equal molar amounts of deoxyribose. 
This fluorescence, unexpected from these two pyrimidine com- 
pounds, was repeatedly obtained. It was not investigated by 
using thymidine and thymidylie acid from other sources. De 
oxycytidine and deoxycytidylic acid yielded no fluorescence with 
DABA under the conditions described. 

As expected from their chemical structures, acetaldehyde, un- 
decylic aldehyde, and undecylenic aldehyde yielded strongly 
fluorescent compounds when allowed to react with DABA. In 
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Taste I 
Recovery of DNA added to homogenates of whole rabbit brain 
Samples of homogenate were analyzed in triplicate as described 
in the text. DNA was added to the tissue precipitate after ex- 
traction of lipides. 
Homogenate | Final volume DNAadded DNA found Recovery 


pt. wet weight mi. mg. “e 
342 1.0 | 0 308 | 
342 1.0 81 652 104 
342 1.0 662 974 101 
10.5 0.05 0 9.22 
10.5 006 10.2 20.0 | 106 
Tassie II 
Comparison of present analytical method with method 
of Logan et al. (4) 


Weighed whole organs were homogenized in water at 4° and 
stored frozen. Aliquots of I ml. representing 16.7 mg. (thymus) 
to 100 mg. (brain) were analyzed as described by Logan et al. (4). 
Absorption by the TCA hydrolysate of DNA was determined at 
a wave length of 268.5 my. in a volume of 350 l., a Beckman model 
DU spectrophotometer being used for this determination. The 
concentration of DNA in each organ was calculated from absorp- 
tion by DNA standards hydrolyzed simultaneously with samples 
of tissue in 0.3 TCA at 90° for 15 minutes. For the determina- 
tion of DNA by the fluorometric method, 15 ul. of homogenate 
representing 90 wg. (thymus) to 167 ug. (brain) were precipitated 
and extracted ax described in the text. Fluorescence was deter- 
mined in u final volume of 1.0 ml. All analyses were performed in 
triplicate. The DNA standard contained 7.67 per cent phos. 
phorus. Values are expressed as millimoles of DNA phosphorus 


— — — — jꝗ ei! — — 


| DNA content 
| Method of Present method 
Rabbit brain 662.22 * 0.0% 2.21 + 0.084 
Rabbit liver I 6.45 6.32 
Rabbit kidney... 2 10, 8.05 | 7.13, 7.8 
Rabbit thymus. 68.8 7.7 
Monkey brain 3 2.94 * 0.062 2.7 + 0.016 
* Absorption at a wave length of 268.5 my. 
Standard error of the mean. 


terfering aldehydes, however, are not likely to be present in 
biological material after the treatment described above. 

The fluorescent product of DABA and pure deoxyribose ix 
maximally excited by light at a wave length of 420 my and emits 
a fluorescent band with maximal intensity at a wave length of 
520 my, as determined with an Aminco-BKowman spectrophoto- 
fuorometer. The products obtained as a result of the reaction 
of DABA with pure DNA and with brain have the same evxcita- 
tion and fluorescence spectra as those obtained from deoxyribose. 
The fluorescence is maximal in acid solution. PCA, TCA, 
HCl, and H. O, were studied as final diluents in concentrations 
from 0.15 to 5.0 x. Maximal sensitivity was obtained by dilut- 
ing the fluorescent material in 0.6 ~ PCA. 

Recovery and Reproducibility—Recovery of DNA added to 
brain residue averaged 104 per cent (Table I). In experiments 
to test the reproducibility of the procedure, 11 of 12 identical 


J. M. Kissane and E. Robins 


187 


samples (10 Ag., wet weight) of whole rabbit brain, analyzed 
simultaneously, yielded a mean value of 0.899 gm. of DNA per 
kilo, wet weight, with a coefficient of variation of 6.4 per cent 
and a maximum range of 0.819 to 1.01 gm. per kilo. 

Comparison with Ultraviolet Absorption (4)—Determinations 
of DNA in whole brain of monkey (Macaca mulatta) and in brain, 
liver, kidney, and thymus of rabbit by the reaction with DABA 
are in close agreement with analyses based on ultraviolet absorp- 
tion by a hot TCA extract of the lipide-free, alkali-soluble, acid- 
precipitable residue of these tissues (Table II). In the analysis 
of tissue from the nervous system both the diphenylamine reac- 
tion and determination oſ DNA phosphorus” have been reported 
to yield erroneously high results, the former because of the pres- 
ence in the tissues of an interfering chromogen and the latter 
because it includes significant quantities of phosphorus liberated 
by the hot acid extraction from a non-nucleic acid component 
of the residue (4). 


RESULTS 


The concentration of DNA was determined in samples from 
three histologically distinct lavers of the cerebellum of rabbits 


Taste III 


DNA in cortical layers and subcortical white 
matter of the cerebellum 

Samples were dissected from frozen dried mierotomie sections 
of tissues as described previously (11) and analyzed as described 
in the text. Values for dry weight per unit volume have been 
determined for the layers of monkey cerebellum (14). These are 
assumed also for rabbit in calculating fresh volume of the sec- 
tions analyzed below. A mean value of 7.1 X Il gm. of DNA 
per nucleus (1.94 X 10°"* moles of DNA-P calculated from the 
phosphorus content of the standard used) has been reported for 
eat and human brain (16). This value is assumed for monkey and 
rabbit brain in the calculations of nuclear density. The DNA 
standard used contained 7.67 per cent phosphorus. Calculations 
of nuclear densities for the three layers are based on DNA phos- 


phorus. 


DNA (mmoles DNA- yo 
Material® P/kilo dry weight) 10 cu. 
mm.) 
Molecular layer | 
Monkey 1 (5) 9.28 & 1.1 97 
Monkey 2 (5) 8.51 + 2.1 SY 
Rabbit 1 (4) 13.5 +14 141 
Rabbit 2 (9) 9.43 + 0.50 w” 
Granular layer 
Monkey 1 (7) 180 4 «5.23 2,110 
Monkey 2 (4) 2,520 
Rabbit 1 (4) 109 46.4 1.740 
Rabbit 2 (8) 131 + 4.9 1,770 
Subcortical white matter 
Monkey 1 (7) 10.4 +1.9 176 
Monkey 2 (4) 12.8 + 0.87 217 
Rabbit 1 (8) 6.60 + 1.1 111 
Rabbit 2 (12) 9.00 & 0.59 152 
The number of samples analyzed is given in parentheses. 
Standard error of the mean. 


: The large difference in values for DNA in the granular layer 
of Monkeys 1 and 2 was observed in three other series of deter- 
minations in which the mean values were 188, 188, and 179 for 
Monkey 1 and 223, 241, and 229 for Monkey 2. 
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and monkeys (Table III). In both species the concentration of 
DNA in the cerebellar granular layer was found to be approxi- 
mately 20 times that in the molecular layer or subcortical white 
matter. Of interest is the unexpected cellularity of the cerebellar 
white matter, which in both species approximately equaled that 
of the molecular layer. A similar observation has been made in 
cerebral cortex of monkeys in which the DNA concentration of 
subcortical white matter equals or exceeds that of molecular 
layer, Layer I (15). 


The analytical procedure used in this study permits the meas- 
urement of the amount of DNA present in approximately 400 
diploid mammalian cells. It might, therefore, advantageously 
be applied under circumstances in which the amount of tissue 
available for analysis is limited as, for example, in analyzing cells 
grown in tissue culture or in analyzing germ cells. In studies of 
the effect of experimental poliomyelitis on the concentration of 
various chemical constituents of the spinal cord of monkeys, this 
analytical procedure, applied to frozen-dried sections weighing 
10 ug., demonstrated a 2-fold increase in DNA in the spinal cords 
of infected animals as compared to values determined for normal 
animals.‘ In addition to its applicability to the determination 
of DNA in microgram samples of tissue, the procedure suggests 
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itself as a simple, precise, analytical method for determining 
DNA in larger samples of tissue. For all tissues to which it was 
applied, it yielded values which agree closely with those obtained 
by the method of ultraviolet absorption. 


An analytical procedure for measuring deoxyribonucleic acid 
in animal tissues is described. The procedure is based on the 
measurement of the fluorescent product of the reaction between 
3,5-diaminobenzoic acid dihydrochloride and deoxyribose. The 
procedure, specific for deoxyribonucleic acid as opposed to ribo- 
nucleic acid, permits the measurement of as little as 2.4 mug. of 
deoxyribonucleic acid in a final volume of 50 yl. and appears not 
to measure interfering substances which yield erroneously high 
values for deoxyribonucleic acid in the central nervous system, 
as determined by the diphenylamine reaction and measurement 
of “deoxyribonucleic acid phosphorus.” The method applied to 
brain, liver, kidney, and thymus yielded values in close agreement 
with those based on ultraviolet absorption. Values are pre- 
sented for deoxyribonucleic acid concentration in three histologi- 
cally defined regions of the cerebellum of rabbit and monkey, 
determined by analyzing frozen-<dried samples weighing 0.2 to 
3 ug. 
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Experiments have been carried out with Neurospora which 
demonstrate that the quantitatively important route for the 
biosynthesis of the pyrimidine deoxyribonucleosides in the DNA! 
of this organism involves the entire carbon skeleton of a pyrimi- 
dine ribonucleoside. A very high labeling of the pyrimidine 
nucleosides of the RNA and DNA was brought about by feeding 
uniformly labeled CCeytidine to a pyrimidine-requiring mutant 
of this organism, grown in the presence of sucrose. The specific 
activities of the deoxyribose in the deoxycytidine and thymidine 
of the DNA and the ribose in the cytidine and uridine of the 
RNA were quite similar, nor were they very different, carbon 
stom for carbon atom, from that of the corresponding py- 
rimidine ring. It is clear, therefore, that the carbon skeleton 
of the pyrimidine nucleosides of the DNA has arisen as such 
from an intact pyrimidine ribonucleosyl intermediate. 

The likelihood of this direct conversion was fully appreciated 
by Hammarsten et al. (I), and Rose and Schweigert (2) demon- 
strated that such a conversion can take place in the rat. It is 
the purpose of this article to show that in Neurospora such a 
conversion is the important route for the formation of the pyrimi- 
dine nucleosides of DNA. 

In a subsequent article evidence is presented to the effect 
that the purine deoxyribonucleosides also arise from an intact 
purine ribonueleosyl intermediate (3). 


EXPERIMENTAL RESULTS 


Growth of Organism—Neurospora mutant 36601 was a gift 
from Dr. H. K. Mitchell. In the usual culture medium (4) 
which was used, this organism grows some 10 to 60 times better 
in response to cytidine or uridine than it does to an equimolar 
amount of uracil. Cytosine is inactive (5). 

The medium (200 ml.) was supplemented with 7.5 mg. of 
uniformly labeled C'-cytidine (2,200,000 c.p.m.) (Schwarz 
Laboratories) and divided equally into 10 flasks of 125 ml. 
capacity. Each flask was inoculated with a drop of dilute 
suspension of conidia and incubated at 25° for 5 days. This 
concentration of cytidine gives about one-half maximum growth. 
(Subsequent to the feeding experiments the cytidine preparation 
was found to have not less than three radioactive contaminants, 
none of which showed an absorption in ultraviolet light. They 
were not identified, nor did their presence affect the conclusion 
reached from these experiments.) 

Separation of RNA and DNA Producte—The mycelia from the 


The abbreviations used are: DNA, deoxyribonucleic acid, and 
RNA, ribonucleic acid. 


10 cultures were combined, sucked dry on a funnel, and washed 
well with water, 50 per cent ethanol, 95 per cent ethanol, and 
ether. The filtrate and washings contained 546,000 c.p.m. 
(Very little, if any, of this radioactivity was due to remaining 
cytidine, cytosine, uridine, or uracil.) The dried mycelium 
(0.264 gm.) was ground thoroughly in a mortar and extracted six 
times with 5 to 10 ml. portions of O. I V KOH at 4°. The insoluble 
residue (81 mg., 34,000 c.p.m.) was discarded. The extract 
was adjusted to 1 n KOH (volume = 50 ml.), kept at 35° for 
24 hours, and dialyzed for 4 days at 4° against 3 changes of water. 
The dialysate (9,000 ml.) was neutralized with HCIO, and evap- 
orated to 100 ml. The filtrate from the KCIO, containing ribo- 
mononucleotides (410,000 ¢.p.m.) was adjusted to pH 3 and 
treated with 2.5 gm. of Norit A (14,000 c.p.m. unadsorbed). 
The mononucleotides were eluted from the charcoal with 150 ml. 
of 30 per cent aqueous pyridine solution (362,000 c. p. m.), and 
chromatographed on paper. The amounts of the nucleosides 
subsequently recovered from this fraction after chromatographic 
purification to constant specific activity were as follows: uridine, 
696 Ag.; adenosine, 1,160 Ag.; cytidine, 672 ug.; and guanosine, 
480 yg. 

The solution inside the dialysis bag, considered at that time to 
contain DNA as its principal radioactive substance, was reduced 
to a small volume at 4°. MgS0O,-7H,O (2.4 mg.); 75 ul. of 1 
u tris(hydroxymethyl)aminomethane buffer (pH 7); 0.2 mg. of 
DNAase (Worthington), and enough water to make 5 ml. were 
added. After an incubation period of 6 hours at 25°, the solu- 
tion was dialyzed for 4 days at 4° against four 500 ml. portions 
of distilled water. The dialysate (220,000 c.p.m.) contained 
principally ribomononucleotides and a fraction of the deoxy- 
ribonucleotides. . 

had further amounts of deoxyribonucleotides and ribomononu- 
cleotides.? The amounts of the deoxyribonucleosides subse- 
quently obtained from these two latter fractions after chromato- 
graphic purification to constant specific activity were as follows: 
thymidine, 57 yg.; deoxyadenosine, 46 yg.; deoxycytidine, 47 yg.; 
and deoxyguanosine, 18 yg. 

Of the original radioactivity fed (2,200,000 ¢.p.m.) 1,500,000 
e. p. m. or 70 per cent was recovered in the various fractions. 


* In apology for the awkward way in which the RNA and DNA 
products were separated it should be stated that these experiments 
and those described in the subsequent article (3) were carried out 
at a time when I did not realize the extent to which nucleotides 
may be retained inside membranes during dialysis (6, 7) 
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The ribomononucleotides were separated into adenylic acid, 
cytidylic acid, and a mixture of uridylic and guanylic acids by 
paper chromatography on Whatman No. 3 paper in the system 
of Magasanik et al. (S). In all chromatograms the solvent moved 
from 35 to 42 cm. The eluate from each band was adjusted to 
pH 5 and treated with 4 mg. of acid phosphatase (Nutritional 
Biochemicals). Adenosine (R, = 0.76) and cytidine (K, = 
0.60) were chromatographed in the isobutyric acid-water-NH; 
system of Léfgren (9) and in the butanol-water-acetic acid 
system of Whitby (10). Adenosine (R, = 0.50), cytidine 
(R, = 0.38), uridine (Re = 0.68), and guanosine (Rp = 0.55) 
were separated in n-butanol, 45 ml.; morpholine, 15 ml.; ethylene 
glycol, 10 ml.; and water, 20 ml., and in Whitby’s system (10) 
(uridine R. = 0.31, guanosine Rp = 0.22). 

As an example, the determination of the specific activity of 
cytidine will be given. The cytidine band and a corresponding 
area of paper from the chromatogram were eluted into 10 ml. 
volumetric flasks. An aliquot of the eluate from blank paper 
(0.5 ml.) was placed in the reference cuvette and 0.5 ml. of the 
cytidine solution was placed in the experimental cuvette. After 
diluting to 3 ml., concentrated HCl (2 ul.) was added and the 
spectrum was taken. Each solution was neutralized with 
concentrated NH,OH (10 ul.) and the spectrum was taken again. 
The sdlution showed the maxima and minima in acid and base 
characteristic of cytidine. It analyzed 22 ug. per ml. in acid at 
280 my and 22.7 wg. per ml. in base at 270 mu or an average of 
22.4 ug. per ml. Aliquots of this solution had an average 
radioactivity of 348 c. p. m. per 100 wl. The specific activity was 
therefore 378 c. p. m. per 10-* mole of cytidine. 

The specific activities of the other ribonucleosides and deoxy- 
ribonucleosides were similarly determined. 

The combined fractions containing deoxynucleotides contami- 
nated with ribomononucleotides were reduced to about 2 ml. 
The solution was buffered at pH 9.1 with 100 ul. of 1 Mu NaOH- 
glycine, 3 mg. of dehydrated venom (Agkistradon piscivorus; 
Ross Allen’s Reptile Institute) were added, and the solution was 
covered with benzene and incubated at 35° for 10 hours. Upon 
chromatographing in butanol-water-ammonia (11) the deoxy- 
nucleosides migrate, whereas the ribonucleoside 3’-phosphates, 
which are unattacked by the specific 5’-nucleotidase of snake 
venom, remain at the base line. Each deoxynucleoside band 
was rechromatographed in the morpholine system, which resolved 
the nucleoside from the corresponding purine or pyrimidine, 
and found to be uncontaminated with those substances (thymi- 
dine, Rp = 0.89, deoxyadenosine, R, = 0.75, deoxycytidine, 


Tasie I 
Comparative specific activities of RNA and DNA constituents 
e. p. m. per 10 mole 


Administered cytidine: 503 


RNA constituents DNA constituents 
Cytidine 378 1396“ Deoxyeytidine 351 [339] 
Uridine 333 13671 | Thymidine....... 32 340 
Adenosine..... 8.9 [7.2] Deoxyadenosine .. 8.5 [13.0] 
Guanosine 9.7 116.8 Deoxyguanosine 9.1 [14.5] 


* Bracketed figures represent a second experiment in which 
C"*-cytidine was administered at a concentration sufficient to 
give about one-third maximal growth. 
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Ry = 0.72, deoxyguanosine, Ry = 0.61). Finally, the deoxy- 
ribonucleosides were rechomatographed in the butanol-water- 
ammonia system (11). 

Specific Activity of Administered Cytidine—As previously 
mentioned, the cytidine used was contaminated with several 
radioactive impurities. The actual specific activity of the sub- 
stance was determined as follows. 

It was chromatographed in Léfgren’s system (9), the impurities 
appearing as a diffuse radioactive area below the cytidine band; 
the specific activity of the cytidine was determined after eluting 
the band and measuring its optical densities in acid and base. 
528 c.p.m. per 10 * mole of cytidine were found. This material 
was chromatographed in the morpholine system, followed by 
chromatography in butanol-water-urea (12) and finally in 
butanol-water-ammonia (11). The specific activity was deter- 
mined again from its spectra. 503 C. pm. per 10 % mole were 
found. 

A portion of this purified material (2760 ¢.p.m.) was diluted 
with 30 mg. of carrier cytidine, and the cytidine was crystallized 
from water-ethanol, m.p. = 212.5-214.5°. (All melting points 
were determined in tubes unless otherwise stated, and are cor- 
rected.) If all of the radioactivity were due to cytidine, the 
specific activity after dilution should be: 2760 x (2.43/30) = 224 
c.p.m. per 10-* mole. 215 c.p.m. per 10 mole (4 per cent 
error) were found. 

Comparative Specific Activities of RN A and DN A Componente 
The specific activities of the nucleosides from RNA and DNA 
and the administered cytidine are presented in Table I. 

It may be seen from the table that the administered cytidine 
was incorporated specifically into the pyrimidine nucleosides of 


the nucleic acids, undergoing a dilution of only about 30 per cent 


in the process. Hence, it is evident that the labeling cannot be 
due merely to the incorporation of the pyrimidine portion of the 
cytidine into these sites, for were this the case, the dilution would 
be 56 per cent. The remarkable similarity in the molar specific 
activities of the pyrimidine ribonucleosides and deoxyribonu- 
cleosides suggests that all four of these substances arose from a 
common intermediate. Furthermore, the specific activities of 
the purine ribonucleosides and deoxyribonucleosides, although 
having a much lower value, are so similar as to make one think 
that all four of these also have a common origin 

Distribution of Labeling within Pyrimidine Nucleesides—The 
labeling in the glycosyl group and in the aglycone was determined 
after dilution of the nucleoside with a carrier. The specific 
activity of the ribose was determined as its toluene-p-sulfonyl- 
hydrazone, and the deoxyribose as the 2, 4-dinitrophenylhydra- 
zone of the levulinic acid derived therefrom. The specific 
activities of uracil and thymine were determined upon the 
crystalline substances, and that of cytosine was determined from 
the optical density and radioactivity of a solution, or on a 
sample of the picrate. 

Administered Cytidine—After chromatography in Löfgren's 
system (9), the cytidine band was eluted with water. To 2 
portion of the solution 300 mg. of carrier cytidine were added, 
and the cytidine was crystallized from water-cthanol, m.p. = 
212-214°. 100 mg. of this material were hydrolyzed with | ml. 
of 60 per cent HCIO, at 100° for 11 hours. The solution was 
diluted with water (50 ml.), filtered, and treated with 3.5 gm. of 
Norit A. The washed charcoal was eluted with 100 ml. of 3 
per cent pyridine-water. The solvent was distilled off, and the 
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Taste II 
Distribution of labeling in pyrimidine nucleosides 
¢.p.m. per mole 
Administered cytidine: nucleoside, 697; cytosine, 289 theory.“ 310); ribose, 45 (theory, 387) 
RNA constituents | DNA constituents 
Nucleoside | Pyrimidine Theory | Ribose | Theory Nucleoside | Pyrimidine Theory |Deoxyribose| ‘Theory 
| 

Cytidine.......| 544 | 256 | 282 | 257 | 202 | Deoxyeytidine.... 576 | 270 | 314 | 320 
Uridine.......| 609 2 1 251 338 | Thymidine. ..... 6 317 | 388 382 

For equal labeling in the nucleoside, theory requires ; of the activity to reside in the pyrimidine and ; in the sugar. 
residue was taken up in 5 ml. of water and boiled for 15 minutes Taste III 
with 80 mg. of picric acid and 0.5 ml. of 2 * HCl. Upon cooling, Distribution of labeling in purine nucleosides 
light yellow clumps formed which upon recrystallization from ¢.p.m. per 10-* mole 
hot water (4 ml.) gave long, chrome-yellow needles of cytosine 
picrate. It melted with decomposition around 276-2707 (placed RNA constituents | DNA constituents 
on the stage at 240°). Levene (13) reports 275°. — ane 

A second portion of the cytidine was reduced chemically and St — oside | Purine | % 
hydrolyzed with Dowex 30 (14). The toluene-p-sulfonylhydra- 
zone of p-ribose melted at 162-163° (decomposition point). Adenosine. | 305 73 Deoxyadenosine.... 250 173 | 68 
Easterby et al. (15) report 164° (uncorrected). Guanosine.., 127 | 99.8 79 | Hydrolysis of un- 

Cytidine from RNA—The nucleoside (92300 c. pm.) was diluted deoxy- 
diluted with 330 mg. of carrier and crystallized, m. p. = 213-215°. adenosine. ......| 8600 | 6700 | 79 


The specific activity was 636 ¢.p.m. per 10 mole (calculated 
value, 680 ¢.p.m.). It was degraded as above. 

Uridine from RNA—The uridine, diluted with carrier and 
erystallized from water-ethanol, melted at 166-167.5°. One 
portion was hydrolyzed as for cytidine, and the uracil was 
adsorbed on charcoal, eluted, and crystallized twice from hot 
water. Also the specific activity was determined from the 
optical density and radioactivity of a solution of the uracil after 
paper chromatography. The toluene-p-sulfonylhydrazone of 
ribose was obtained as described above. 

Thymidine from DN A—The nucleoside was diluted with 26 
mg. of thymidine and crystallized from water, m.p. = 168°. 
Diluted thymidine (11.5 mg.) was hydrolyzed with 3 ml. of 6 x 
HCI for 3 hours at 100°. The HCl was removed in vacuum 
over KOH. The residue was washed well with ether, taken up 
in hot water, decolorized with a small quantity of charcoal and 
erystallized twice from water. The thymine sublimed at about 
270° on a melting point stage. The ethereal solution of levulinic 
acid was evaporated, taken up in water, and decolorized with 
charcoal. The 2,4-<dinitrophenylhydrazone of levulinie acid 
melted on the stage at 201-202°. Mixture with an authentic 
sample (m.p. — 202-203°) gave a m. p. of 202-203”. 

Deorycytidine from DNA—The nucleoside diluted with 26 
mg. of carrier and crystallized from ethanol, melted at 205-207.5°. 
The deoxycytidine was hydrolyzed and the levulinic acid was 
obtained as described for thymidine. The cytosine was esti- 
mated from the optical density of a solution in acid, at neutrality, 
in base, and from its radioactivity after chromatography on 


paper. 

The results (Table II) show the very similar pattern of labeling 
within the pyrimidine nucleosides of RNA and DNA and the 
administered cytidine. There is, therefore, little doubt that 
the administered cytidine contributed its intact carbon skeleton 
to these groupings in the nucleic acids. 

Distribution of Labeling within Purine Nucleosides—As may 


be seen from Table I, the specific activities of the purine nucleo- 
sides, although only about 4 per cent as radioactive as the 
pyrimidine nucleosides, are quite similar to each other. Adeno- 
sine, guanosine, and deoxyadenosine were degraded, and the 
radioactivity of the purine was determined. As the amount of 
radioactivity was extremely small in the case of deoxyadenosine, 
the estimate is only a rough one. (For a detailed description 
of the degradation of purine nucleosides see the subsequent 
paper (3). The adenosine-1} HO (m.p. = 232-233°, stage) 
and guanosine-H,O (m.p. = decomposition at 234-238°) were 
obtained after dilution with carrier (25 to 30 mg.) and crystalli- 
zation from water. After hydrolysis the purines were counted 
as adenine-HCl-§ HO and guanine. Deoxyadenosine was di- 
luted with 500 yg. of carrier and chromatographed. The specific 
activity of the diluted compound was determined from its molec- 
ular extinction coefficient; it was hydrolyzed, and the adenine 
was determined similarly from its absorption spectra at neutral- 
ity and in acid after paper chromatography. The specific activ- 
ity of the adenine from the undiluted deoxyadenosine was also 
determined. The results (Table III) show a similar pattern of 
labeling in the purine ribonucleosides and in the deoxyadenosine. 
Although the radioactivity of these substances was of a very low 
order and may have arisen from impurities in the cytidine prep- 
aration rather than the breakdown products of cytidine itself, 
the similar specific activities and distribution of labeling in these 
substances suggest that the purine nucleosides of RNA and DNA 
might also arise from a common intermediate. (See the subse- 
quent article (3) for a conclusive experiment on this point.) 
DISCUSSION 

An interesting point which these emphasize is 
that the deoxyribose of the DNA originates from the ribose of 
a nucleoside. Although the enzymatic synthesis of deoxyribose- 
5-phosphate from p-glyceraldehyde-3-phosphate plus acetalde- 
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hyde has been demonstrated with preparations from Escherichia 
coli (16) and the guinea pig (17), it is not known whether this 
conversion is of any consequence to the biogenesis of the deoxy- 
ribose of DNA. Even in E. coli, the organism from which Racker 
obtained this enzyme (16), such a scheme does not account for 
the deoxyribose in the DNA (18). On the contrary, the ribose 
of RNA and the deoxyribose of DNA were similarly labeled 
from the glucose- I- CM fed. 

In the metabolism of the rat also, as Hammarsten t al. (1) 
suggested, the deoxyribose of the pyrimidine nucleosides of DNA 
can arise, at least in part, from the ribose of cytidine (2) and of 
cytidylic acid (19). With the mutant of Neurospora dealt with 
here it is certain that this is the conversion which is of major 
importance in the biogenesis of DNA. 

There is the question whether this conversion is general to 
Neurospora or represents a special case in this mutant. As this 
mutant responds in growth to pyrimidine ribonucleosides 10 
to 60 times better than it does to uracil, it might be supposed 
that little splitting of the nucleoside occurs, thus making possible 
a clear demonstration of this conversion. But can the conversion 
be demonstrated in the other pyrimidine-requiring mutants of 
Neurospora? Certain of these grow as well or better in response 
to the free pyrimidines as they do in response to the nucleosides 
or nucleotides. The relative responses may be altered in 
certain cases, also, if the organism is grown in different media. 
With these mutants, also, the question one wishes to answer is 
whether the labeling within the pyrimidine nucleosides of RNA 
agrees with the labeling within the pyrimidine nucleosides of 
DNA. If such is the case, it is reasonable to suppose that the 
differences in growth-response of the mutants to pyrimidines or 
pyrimidine nucleosides have to do with conversions prior to the 
formation of a pyrimidine ribonucleosy] intermediate from which 
the pyrimidine nucleosides of RNA and DNA arise. We have 
in the adenine-requiring mutant an organism which grows no 
better in response to adenosine than it does to an equimolar 
amount of adenine (3); yet in this mutant, also, C'~adenosine, 
when fed, resulted in very appreciable labeling of the ribose and 
deoxyribose portions of the purine nucleosides. The pattern 
of labeling within the purine nucleosides of DNA was again 
very similar to that within the purine nucleosides of RNA. 
This conversion might likewise be demonstrable in other pyrimi- 
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dine-requiring mutants of this organism which show no preference 
for the nucleoside. It seems reasonable that this conversion is 
not merely an isolated event in this mutant. 

An unexpected finding from these experiments was the dilution 
which the administered cytidine (503 ¢.p.m. per 10 mole) 
undergoes in the formation of the pyrimidine nucleosides of RNA 
and DNA (approximately 350 c.p.m. per 10 * mole). The dilu- 
tion cannot be due to RNA and DNA added in the inoculum, 
as the amount of conidia introduced was very small. Clearly, 
the mutant, although unable to grow in the absence of a pyrimi- 
dine source, nevertheless has some capacity sor synthesizing the 
pyrimidine nucleosides when grown in the presence of an outside 
source. Mitchell and Houlahan (20) describe an even more 
striking example of this phenomenon. 

Although there is not a close biochemical analogy to this 
conversion, there is much precedent for enzymatic deoxygena- 
tion” reactions involving dehydration followed by hydrogena- 
tion. The enzymatic deoxygenation of formaldehyde to the 
methyl group of thymidylic acid in the presence of tetrahydrofolic 
acid is also known to occur (21). Crude enzymatic preparations 
from this mutant have been tested for their ability to convert 
the ribose in cytidine, adenosine-5-phosphate, and the 5’-mono-, 
di-, and triphosphates of uridine into a deoxyribose containing 
product, so far without success. 


1. Uniformly labeled C'-cytidine, when fed to a mutant of 
Neurospora, was incorporated equally into the pyrimidine nucleo- 
sides of ribonucleic acid (RNA) and desoxyribonucleic acid 
(DNA) with very little dilution. 

2. The distribution of labeling between the aglycone and the 
glycosyl group in the pyrimidine nucleosides of both RNA and 
DNA showed that the entire carbon skeleton of the administered 
cytidine was incorporated as such into these groupings. 

3. The purine nucleosides of RNA and DNA were labeled to 

4. It is concluded that in this mutant of Neurospora the princi- 
pal pathway for the biogenesis of the carbon skeleton of the 
pyrimidine nucleosides of DNA involves a ribonucleosyl inter- 
mediate. 
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In a previous study (1), evidence was presented to show that 
in a mutant of Neurospora the whole carbon skeleton of cytidine 
is incorporated with equal effectiveness into the pyrimidine 
nucleosides of ribonucleic acid and deoxyribonucleic acid. In 
this article a comparable experiment is described in which uni- 
formly labeled C'-adenosine was fed to an adenine-requiring 
mutant grown in the presence of sucrose. The purine nucleosides 
of RNA' and DNA were all equally labeled. Although the 
purine nucleosides recovered from the RNA had a distribution of 
labeling between the purine and the ribose which differed from 
that of the adenosine fed, the same pattern of labeling was found 
in the purine deoxyribonucleosides from the DNA. This finding 
is interpreted to mean that, although some splitting of the 
administered purine ribonucleoside occurs in its conversion into 
a ribonucleosyl precursor of the purine nucleosides of RNA, 
the same ribonueleosyl precursor serves as the intermediate for 
the formation of the purine deoxyribonucleosides of the DNA. 
Inasmuch as the purine nucleosides of RNA and DNA have the 
same specific activities with regard to both their purine and sugar 
portions, it is inferred that the conversion of a ribonucleosyl to 
a deoxyribonucleosyl intermediate is the principal mechanism 
involved in this organism for the biogenesis of the purine nucleo- 
sides of DNA. 


EXPERIMENTAL RESULTS 


Culture of Organism— Mutant 28610 of Neurospora crassa was 
a gift from Dr. H. K. Mitchell. This organism will not grow 
in the absence of a purine source. Adenine, adenosine, and 
hypoxanthine in equimolar amounts support equal growth of 
the organism (2). Guanine and guanosine, although inactive 
by themselves, support growth in the presence of an adenine 
source (3). The organism was grown in 280 ml. of medium (2) 
containing 4.2 mg. of uniformly labeled CWMadenosine - 1 H,O 
(1,620,000 ¢.p.m.) (Schwarz). This concentration of adenosine 
suffices to give almost one-half maximum growth. The medium 
was divided equally among 14 flasks of 125 ml. capacity. Each 
was inoculated with 1 drop of a light suspension of conidia and 
incubated at 25° for 5 days. 

Separation of RNA and DNA I Products The mycelia (weight, 
0.255 gm.) from the pooled cultures were separated, washed 
and dried as described previously (1). Of the radioactivity in 
the filtrate and washings from the mycelia (415,000 c.p.m.) 
little if any was accounted for as adenosine or adenine. The 


The abbreviations used are: RNA, ribonucleic acid; and DNA, 
deoxyribonucleic acid. 


RNA and DNA were extracted from the ground mycelium as 
before, discarding the residue (81 mg., 20,000 c.p.m.). The 
ribomononucleotides from the first dialysis had 303,000 c.p.m.; 
the deoxyribonucleotide fraction, grossly contaminated with 
ribomononucleotides, had 233,000 c.p.m.; and the contents 
remaining inside the bag (168,000 c.p.m.) had further amounts 
of nucleotides. The amount of radioactivity recovered in the 

various fractions (1,140,000 c.p.m.) accounts for 70 per cent of 
that administered. 

Adenylic acid was chromatographed in the isobutyric acid- 
water-ammonia systems of Magasanik et al. (4) and Léfgren (5). 
Cytidylic acid was chromatographed in these two solvents plus 
the acid system of Wyatt (6). The band containing uridylic 
and guanylic acids after chromatography in the system of Maga- 
sanik et al. (4) was resolved into uridylic acid (Ry = 0.30) and 
guanylic acid (Rp = 0.20) by chromatography in the morpholine 
system (1). The guanylic acid was rechromatographed in the 
same solvent, whereas the uridylic acid was rechromatographed 
in Wyatt’s system (6), although this is a poor solvent to use after 
the morpholine system, due to the formation of fluorescent sub- 
stances from residues left on the paper. Each nucleotide was 
dephosphorylated and chromatographed (1). The specific 
activities of the nucleotides and nucleosides were determined 
from the optical densities of solutions of the substances in both 
acid and base (except the adenine derivatives which were meas- 
ured in water) and from their radioactivities. The amounts 
of the nucleosides purified by chromatography to constant 
specific activity were of the order of 600 to 700 yug., except for 
guanosine (390 fg.) 

As it has already been shown that the enzymatic degradation 
of DNA to nucleosides with DNAase and moccasin venom was 
accomplished without splitting of the deoxyribonucleosides (1), 
these substances could be separated from one another and from 
ribonucleotides quite readily with but one solvent (butanol- 
water-ammonia) (7). In actual practice each deoxyribonu- 
cleoside was chromatographed twice, the second time serving 
merely to concentrate the limited amount of material on a small 
area of paper. 

As an example, the determination of the specific activity of 
deoxyguanosine is described. The nucleoside spot and the blank 
paper were eluted by siphoning with water into 5 ml. volumetric 
flasks. The solutions (3 ml.) were placed in the cells and the 
spectrum was taken. Concentrated NH. OH (60 ul.) was added 
and the spectrum was taken again. It had the spectra in water 
and base characteristic of deoxyguanosine. It analyzed 9.16 
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ug. per ml. in water (253 my) and 10.38 yg. per ml. in base (258 
to 268 mu), an average of 9.77 ug. per ml. Aliquots (100 ul.) 
of this solution had an average radioactivity of 239 c.p.m. 
Therefore, the specific activity was 654 c.p.m. per 10-* mole. 
The total quantity of material was 49 ug. 

The specific activities of the other deoxyribonucleosides were 
determined similarly. 

Specific Activity of Administered Adenosine—The adenosine - 14 
H,O as purchased (Schwarz) was found to be radiochemically 
pure. Its specific activity, as determined by weighing and 
counting, was 1140 c.p.m. per 10 mole. It had a specific 
activity of 1190 c.p.m. per 10 mole upon the basis of its molec- 
ular extinction coefficient which remained unchanged (1110 
e. p. m. per 10-* mole) after chromatography in the isobutyric 
acid-water-NH; system of Léfgren (5) (K, = 0.72). The 
chromatographed adenosine (191.7 Ag., 79,830 c.p.m.) was di- 
luted with 350 mg. of carrier and crystallized twice from water, 
m. p. = 230-233°. Its specific activity was 630 c.p.m. per 10 
mole. The calculated value is 670 c.p.m. (6 per cent error). 

Comparative Specific Activities of RN A and DN A Components— 
The specific activities of the nucleotides and nucleosides of RNA, 
the nucleosides of DNA, and the administered adenosine are 
presented in Table I. As shown, the purine ribonucleosides and 
deoxyribonucleosides have virtually identical specific activities. 
Also their specific activities are higher than the expected value 
(570 c.p.m. per 10-* mole) for incorporation of the purine only; 
hence, some of the radioactivity is located in the glycosyl group. 
In agreement with the results of the former experiment (1) the 
specific activities of the pyrimidine ribonucleosides and deoxy- 
ribonucleosides (although only about 2 per cent as radioactive 
as the purine nucleosides) are all remarkably similar, suggesting 


I 
Comparative specific activities of RNA and DNA constituents 
e. p. m. per 10 mole 


Administered adenosine: 1140 


RNA constituents DNA constituents 
Adenylic acid........| 716 
Adenosine............. 698 Deoxyadenosine 676 
Guanylic acid 653 
Guanosine . ee Deoxyguanosine | 654 
Cytidylic acid 18.6 
Cytidime.............. 18.7 | Deoxycytidine ..... 16.4 
Uridylic acid 16.4 
Uridine 14.5 Thymidine 17.2 

II 


Distribution of labeling in purine nucleosides 
c.p.m. per 10 mole 
Administered adenosine: nucleoside, 630; adenine, 294; ribose, 292 


RNA constituents DNA constituents 
Purine Ribose Nude. — 
Adenosine. 659 | 449 167 Deoxyadenosine.. 834 | 682 | 250 
Guanosine... — 441 | 118 Deoxyguaonsine 176 351 114 
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a close biochemical relationship between these substances in the 


with carrier and crystallization, the nucleosides were hydrolyzed. 
b-ribose was counted as its toluene-p-sulfonyl-hydrazone, and 
the levulinic acid arising from the 2-deoxy-p-ribose was counted 
as its 2,4-dinitrophenylhydrazone. The purines were counted 
as adenine -picrate -H,O and guanine - HCI -H,0. 

The administered adenosine (200 mg.) after dilution (see 
above) was hydrolyzed with 20 ml. of 0.1 * H;SO, at 100° for 2 
hours. After neutralizing with BaCO, the filtrate was treated 
with 7 gm. of Norit A. The filtrate from the charcoal was 
evaporated, and from the residue the toluene-p-sulfonylhydra- 
zone of p-ribose was prepared, m. p. = 165-166° (decomposition) 
Easterby et al. (8) report 166°. Adenine-picrate-H,O was 
prepared from the eluate of the charcoal (150 ml. of 30 per 
cent aqueous pyridine solution) after removal of the solvent and 
further hydrolysis with IN HCl, m. p. decomposition at 288-291° 
(on the stage at 277°). Vickery and Leavenworth (9) report 
decomposition at 295°. 

The adenosine from the RNA after dilution (m.p. = 232- 
233°) was similarly degraded. 

The guanosine from the RNA (44,400 c.p.m.) was diluted with 
200 mg. of carrier and crystallized from water (decomposition 
at 234.5-235.5°). It had a specific activity of 683 c. p.m. per 
10-* mole; calculated 668 c.p.m. After hydrolysis the guanine 
was converted to guanine - HCI H. O, dissolved in 2 HCl, and 
plated on glass planchets. Ribose toluene-p-sulfonylhydrazone 
was prepared as above. 

The deoxyguanosine from DNA was diluted with 60 mg. of 
carrier and recrystallized from water. The deoxyguanosine -1} 
HO (52 mg.) was hydrolyzed as described for thymidine (1). 
Guanine-HCl-H,O was obtained, whereas the levulinie acid 
from ethereal solution was converted to the 2,4-dinitrophenyl- 
hydrazone (m.p. = 203-205°, stage). 

The deoxyadenosine from DNA was diluted with 30 mg. of 
carrier and crystallized from ethanol, m.p. = 191-192°. Brady 
(10) reports 187-188°. The substance (24 mg.) was hydrolyzed 
as for thymidine (1). 

The results (Table II) show the very similar pattern of labeling 
between the purine and sugar portions of the nbonucleosides and 
deoxyribonucleosides. The adenosine, guanosine, deoxyadeno- 
sine, and deoxyguanosine had, respectively, 25, 20, 30, and 24 
per cent of the radioactivity located in the sugar. This amount 
of radioactivity in the sugar portion of the purine nucleosides 
of RNA and DNA suggests that about one-half of the radio- 
activity in the sugar originated from intact adenosine. Although 
most of the dilution which the administered adenosine underwent 
occurred in the sugar, some slight dilution seems to have taken 
place in the purine, also, in spite of the purine-<dependency of 
this organism. Such a phenomenon has already been noted (1). 


The point of principal interest disclosed from the experiments 
described here is the close biochemical relationship existing 
between the purine ribonucleosides of RNA and the purine 
deoxyribonucleosides of DNA. The origin of the purine nucleo- 
sides of the DNA almost certainly involves the reduction of a 
ribonucleosyl intermediate. 

Mitchell anticipated this possibility in 1942. He observed 
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the accumulation of ribonucleotides in the cytoplasm of incom- 
pletely differentiated cells from humans given therapeutic doses 
of y- and x-radiations, although no comparable increase occurred 
in the nucleic acid content of the nuclei (11). The explanation 
offered for these findings (12) was that the probable effect of 
these radiations upon proliferating cells is one of inhibiting the 
biological reduction of adenine ribonucleotides (and perhaps 
other ribonucleotides) to deoxyribonucleotides, a process nor- 
mally occurring in the nucleus. 

Also there is the suggestion that adenylic acid may be con- 
verted into deoxyadenosine in the metabolism of the rat, although 
the result seems not very decisive (13). 

Lanning and Cohen (14) remark upon the fact that in Escher- 
ichia coli the deoxyribose from the DNA and the ribose from 
RNA attain comparable specific activities when the organism 
is grown in glucose-1-C". Interpreted in the light of these 
experiments, this suggests that in E. coli, as in Neurospora, 
both the purine ribonucleosyl and pyrimidine ribonucleosyl 
intermediates are normally converted into the deoxyanalogues. 
After E. coli has been infected with phage the metabolism of 
deoxyribose is altered, as shown by its increased specific activity, 
but whether this effect is specifically on deoxyribose and not on 
ribose was not explicitly stated (14). Herriott (15) has sub- 
mitted evidence also to show that DNA synthesis is changed in 
this organism after infection with phage. Quite contrary to the 
findings with Neurospora reported here are those of Wacker and 
Piahl (16) showing that uniformly labeled uridine-C" was 
incorporated as a unit into the uridine of RNA in E. coli 113-3, 
yet no radioactivity was found in the deoxyribose of thymidine. 

As the foregoing experiments show, there is a remarkably 
similar distribution of labeling within the analogous elements 
making up the carbon skeletons of RNA and DNA. This is 
true of the pyrimidine nucleosides in the nucleic acids of the 
pyrimidine-requiring mutant fed with cytidine-C™. It is also true 
of the purine nucleosides in the nucleic acids of the purine-re- 
quiring mutant fed with adenosine-C". This circumstance is so 
extraordinary that it raises the question of whether the DNA 
arose from a polyribonucleotide. Brachet (17) concluded from 
his experiments upon the developing egg of the sea urchin that 
the DNA formed after fertilization arises from an RNA pre- 
existing in the unfertilized egg. He found the amount of DNA 
in the unfertilized egg to be very small and that the amount of 
pentose in the egg decreased after fertilization with a correspond- 
ing increase in the DNA. More recently Pele (18) has reported 
that adenine-S-C" injected into the mouse appears quite rapidly 
in the RNA of the spermatogonia and that this RNA, at the 
proper stage in the cycle of the cell, is used for the synthesis of 
DNA without, he believes, extensive breakdown. 
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Volkin and Astrachan (19) have observed a striking coinci- 
dence in the relative amounts of P® incorporated into the differ- 
ent nucleotides in the RNA of E. coli, after infection with phage, 
and the base composition of the phage-DNA. Furthermore, the 
P associated with this RNA “fraction” decreased as the P. 
in the phage DNA increased. These findings are not inconsistent 
with the view that the DNA arose from a polyribonucleotide. 

If, however, DNA were imagined to arise from a polyribonu- 
cleotide through “deoxygenation” of each ribose residue and 
methylation or hydroxymethylation of pyrimidine rings without 
rupture of the polynucleotide chain, there would be no reason 
to expect the incorporation of deoxyribonucleosides into DNA. 
Yet Reichard and Estborn (20) have shown that the Nie of 
deoxycytidine and thymidine is incorporated into the pyrimi- 
dines of DNA in amounts comparable to that from cytidine. 
The RNA, moreover, was not significantly labeled. Similar 
findings have been reported from experiments involving the 
administration of thymidine or deoxyuridine to various animals 
and tissues (21-24). Also, uniformly labeled C-thymidine 
upon administration to Lactobacillus leichmannii resulted in 
extensive labeling of the deoxyribose in DNA, without detectable 
incorporation into RNA (25). It is therefore evident that in 
these examples the biogenesis of DNA from an RNA, if it occurs 
at all, must involve an RNA which constitutes only an extremely 
minute proportion of the total RNA present. The very existence 
of enzymes which catalyze the net synthesis of “DNA” from 
deoxynucleoside triphosphates (26) focuses attention on these 
simpler substances as possible intermediates in the biogenesis of 

DNA by living organisms. 


Uniformly labeled C™-adenosine, when fed to a mutant of 
Neurospora, was incorporated equally into the purine nucleosides 
of ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) 
with but little dilution. 

2. The distribution of labeling between the aglycone and the 
glycosyl group in the purine nucleosides of both RNA and DNA 
was very similar. It is probable that about half the ribose and 
deoxyribose present in the purine nucleosides of RNA and DNA 
was derived from intact adenosine. 

3. The pyrimidine nucleosides of RNA and DNA, although 
only 2 per cent as radioactive as the purine nucleosides, all have 
very similar specific activities, a fact suggesting their common 
biochemical origin in this mutant also. 

4. It is concluded that in this mutant the principal pathway 
for the biogenesis of the carbon skeleton of the purine nucleosides 
of DNA involves a ribonucleosy! intermediate. 
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Preparation of Cytoplasmic Fractions 


250 to 300 gm. After the specified interval, during which they 
were kept on their regular diet, the animals were decapitated, 
the livers were removed quickly, chilled, blotted, and first 
minced with scissors and then ground at 4° with 2 parts of 0.88 


* This work has been supported by research grants from the 
National Institutes of Health, United States Public Health Serv- 
ice, the National Science Foundation, and the Rockefeller Foun- 
dation. A small part of the findings has been mentioned in pre- 
liminary reports (1, 2). 

The abbreviations used are: RNA, ribonucleic acid; Sp, nu- 
cleic acid of the supernatant fraction; DS, deoxycholate soluble 
fraction of the microsomes; and RNP, mierosomal nucleoprotein 


insoluble in deoxycholate. 


M sucrose solution in a glass tissue grinder fitted with a me- 
chanically turning Teflon pestle. Additional sucrose solution 
was added to bring the volume to 9 ml. of fluid per gm. of tissue, 
and the mixture was centrifuged at 20,000 x g for 1 hour. The 
supernatant fluid was then subjected to centrifugation for 1 
hour at 105,000 x g (Spinco model L preparative centrifuge). 
This procedure brought about the separation of two of the three 
fractions rich in RNA that are under comparison here. The 
supernatant fluid contained Fraction Sp-RNA. The micro- 
somal sediment was treated further; it was suspended in 45 
ml. of 0.88 M sucrose solution and mixed with 9.5 ml. of a freshly 
prepared 5 per cent sodium deoxycholate’ solution (previously 
adjusted to pH 7.5). Centrifugation of the mixture for 2 hours 
at 105,000 x g caused the sedimentation of nucleoprotein 
particles, the nucleic acid of which will be designated RNP-RNA, 
whereas the supernatant solution, representing material solu- 
bilized by sodium deoxycholate, contained Fraction DS-RNA. 
Partial Hydrolysis of Ribonucleic Acid 

Preliminary Stepe—Each fraction was treated with cold 7 
per cent trichloroacetic acid and the mixture kept overnight 
in the refrigerator. The precipitate was collected by centri- 
fugation, stirred for 10 minutes with 25 to 30 volumes of cold 
7 per cent trichloroacetic acid, and again centrifuged. This 
washing operation was repeated 3 to 4 times, and the residue 
was then defatted by successive treatments with 25 to 30 volumes 
of 95 per cent ethanol (twice), ethanol-ether (1:3), chloroform- 
methanol (1:1), ethanol-ether (1:3, twice), and ether. The 
residue was divided into 2 approximately equal parts and 
treated as described in the following sections. 

Preparation of g +3’ Nucleotides—A suspension of one half 
of the material described in the preceding section in 15 ml. of 
0.54 u lithium hydroxide was stirred at 30° for 18 to 20 hours. 
5 ml. of 0.5 M NasPO, solution and then 60 ml. of 95 per cent 
ethanol were added. The mixture was kept at room tempera- 
ture for 30 minutes and then freed by centrifugation of the 
precipitated lithium phosphate (7) which was washed in the 
centrifuge with 30 ml. of 60 per cent ethanol. The combined 
supernatant fluids were concentrated in vacuo to a volume of 
about 5 ml., and the operation of removing newly added inorganic 
phosphate as the lithium salt was repeated. The final solution 
containing the mixture of nucleotides was adjusted to pH 9 
to 10 in preparation for ion exchange chromatography. 

Preparation of 5’ Nucleotides—The other half of the defatted 
residue comprising the nucleic acids was suspended in 10 ml. 


* We wish to thank A. Maschmeijer, Jr., Inc., New York, for 
this preparation. 


The often assumed interdependence, with regard to their 
synthesis, of protein and ribonucleic acid requires a search for a 
correlation between the gradual movement of individual anab- | 
olites into the respective polymers, as they are made in the body. 
We have recently presented the first results of such a study in 
which the uptake of two constituents, leucine and phosphoric 
acid, was recorded as a function of time and of location within 
different fractions from rat liver (2). The present communica- 
tion considers, in more detail, some of the aspects of the forma- | 
tion of liver RNA’ in the intact organism after the administration 
' of radioactive inorganic phosphate, with particular attention 
to the differences in the speed of uptake and the distribution of \ 
| label in the several RNA fractions from rat liver. The frac- 
tions under comparison were the cytoplasmic RNA found in | 
_ the liver microsomes; those firmly bound in the dense nucleo- 
: protein granules, those detached from the latter by means of 
' sodium deoxycholate, and those that remained in the RNA : 
_ fraction of the supernatant fluid after the sedimentation of the : 
| microsomes (3-6). 
These investigations afford an insight into the chronology 
underlying the formation, or the deposition, of RNA in the 
several fractions of the hepatic cell. In addition, the applica- 
tion of two procedures of partial hydrolysis to portions of the 
| same nucleic acid specimen (with alkali or phosphodiesterase) 
made it possible to compare the radioactive phosphate (P*) 
contents of both the 2 73 phosphates and the 5’ phosphates 
of the individuai nucleosides and thus to obtain some general 
idea of the nucleotide arrangement in these nucleic acids. 
EXPERIMENTAL 
In each experiment, 100 mmoles of sodium phosphate solution 
(pH 7), containing 1 or 2 me. of , were injected in equal 
portions into the tail veins of three male Sherman rats weighing 
— 
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of 10 per cent aqueous sodium chloride; the mixture was kept 
at 95 to 100° for 30 minutes, cooled, and centrifuged. The 
sediments were twice more extracted with hot NaCl solution. 
The precipitate produced by the addition of 3 volumes of 95 
per cent ethanol to the combined extracts was, after being stored 
overnight at —10°, collected by centrifugation and its aqueous 
solution was subjected to dialysis against several changes of ice- 
cold distilled water for 2 hours. No material absorbing in the 
ultraviolet was detectable in the dialysate.“ The enzymic 
digestion of the dialysis residue was performed with a purified 
phosphodiesterase preparation from Russell’s viper venom (8). 
The mi , containing 2 ml. of the dialysis residue, 1 ml. 
of 0.5 M borate buffer (pH 9), 0.04 ml. of 0.5 M MgSO, solution 
and 1 ml. of the phosphodiesterase solution (0.3 to 0.5 mg. of the 
enzyme), were kept with stirring for 16 to 20 hours at 32°. 
Portions of the digests were tested by chromatography on 
Whatman filter paper No. 1 in the buffered ammonium iso- 
butyrate-isobutyric acid solvent (9) and compared with authentic 
specimens of the 5’ nucleotides (Pabst Laboratories). These 
tests showed the hydrolysis of the nucleic acid to the nucleoside 
5’ phosphates to have been almost complete. The clear solu- 
tions resulting from the enzymic treatment were freed of residual 
contamination by radioactive inorganic phosphate, as described 
before, and adjusted to pH 9 to 10 before being subjected to 
chromatography on ion exchange resin. 

Ion Exchange Chromatography—The hydrolysates containing 
the mononucleotides, described in the preceding sections, 
were submitted to separation on Dowex 2-formate columns 
(100 to 200 mesh, 8 per cent cross-linkage, 10 em. X 1 sq. em.), 
with the use of solutions of formic acid and of mixtures of formic 
acid and ammonium formate, as described by Cohn (10). Only 
the center portions of each nucleotide peak were used for chemical 
and radioactivity analyses. The nucleotides were identified 
and estimated quantitatively by means of their spectra at pH 7 
(11). The chromatographic comparison with known compounds 
also served as control (9). In many instances the eluates were 
also analyzed for phosphorus which was found in the amounts 
required by a nucleoside monophosphate. In general, the 2’ 
and 3’ isomers of each nucleotide were collected together.‘ 
Each nucleotide fraction was reduced to a volume of 5 ml. and 
portions were withdrawn for the assay of radioactivity. 

Isolation of Inorganic Phosphate—Inorganic phosphate was 
isolated for radioactivity counts both from the blood (collected 
immediately in dilute citrate solution) and from the super- 
natant fluids resulting from the centrifugation of the liver extracts 
at 105,000 x g. The liquids were treated with cold trichloro- 
acetic acid, cleared by centrifugation, and inorganic 
was precipitated (12) as the magnesium ammonium salt. It 
was collected by centrifugation, washed with dilute ammonia, and 
dissolved in 10 ml. of dilute HCI. Portions of this solution were 
used for phosphate determination and radio assay. 


The extraction with hot NaCl solution removed 99 per cent or 
more of the ultraviolet-absorbing material of the preparation. It 
was also ascertained that the subsequent precipitation with etha- 
nol entailed no losses. 

In two experiments in which the radioactivity of the 2’ phos- 
phate and the 3’ phosphate of adenosine was determined sepa- 
rately, the specific activity of the 3’ nucleotide was somewhat 
higher (50 and 43 per cent) than that of the 2’ isomer. It is possible 
that this reflects the special contribution of the terminal phos- 
phoric acid ester groups of the RNA chain. 
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Determination of Radioactivity—The solutions were placed 
evenly in 5 sq. cm. planchets fitted with a circular disk of What- 
man filter paper No.1. The samples were counted in duplicate 
under standard conditions in a gas flow counter (Nuclear-Chicago 
Corporation) equipped with a Micromil window. Under these 
conditions, the specific activity was found to be directly propor- 
tional to the amount of sample plated up to 15 uwmoles of nucleo- 
tide. The radioactivity is reported as counts per minute per 
10 wmoles of nucleotide or of inorganic phosphate. 

RESULTS AND DISCUSSION 


All experimental results are assembled in Tables I and II- 
The first of these comprises experiments in which the RNA, 
formed 20 minutes, 2 hours, and 24 hours after the administra- 
tion of labeled inorganic phosphate, was examined with respect 
to both the 5’ nucleotides and the 2’ + 3’ nucleotides set free 
by treatment with phosphodiesterase or alkali, respectively. 
Additional data on RNA specimens studied 5, 20, and 120 
minutes after the injection of radiophosphate are presented in 
Table II. The nucleotide composition of the RNA of the cyto- 
plasm of rat liver has been found (13, 14) to be as follows (as 
moles per 100 moles of nucleotide): adenylie acid, 18; guanylic 
acid, 31.6; cytidylic acid, 30; uridylic acid, 20.3. We have used 


1 
RNA fractions of rat liver: specific activities of 2’ + 3 and 6 
nucleotide constituents“ 
Experiment No. 1 2 3 
Period after injection 
— 2 brs. 24 hrs. 
— 7 
+ 
1.671, 106,500 1.5 
0. „500 61,100 0.9 
0.362,500 45, 0.7 
0.462, 47, 0.8 
1. 102, 1.7 
0. „000 44,900 0.9 
0.5 49, 000 42, 200 0.9 
0. „100 43, 1.0 
2.561, 89, 1.5 
0.450, 4, 0.9 
0. 41, 0.8 
0.343, J., 0.8 


* The specific activities are reported as counts per minute per 
10 umoles of nucleotide. In Experiment 1, I me. of P® was used; 
in Experiments 2 and 3, 2 mc. were administered. The specific 
activity of the inorganic phosphate of the blood was 28.2 X 10° 
(Experiment 1), 16.6 X 10* (Experiment 2), 5.1 X 10° (Experiment 
3) e. p.m. per 10 moles of phosphate; the corresponding figures 
for the inorganic phosphate of the supernatant fluids were 13.7, 
14.7, 3.6 X 105. 

t The abbreviations A, G, C, U stand for adenylic, guanylic, 
cytidylic, and uridylic acids. 
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these figures for the computation of the specific activities of 
our nucleic acid samples through the summation of the weighted 
specific activities of either the 2’ + 3’ nucleotides or the 5’ nucleo- 
tides. A compilation of these results is provided in Table III. 
One more comparison may be of value, namely, that of the 
changes in specific activity exhibited by the several nucleotide 
constituents in the course of time. This has been done in Fig. 1 
in which the ratios of the specific activities of the individual 
2 + 3 nucleotides to the activity of the corresponding 
nucleic acid are plotted for the three liver fractions studied. 

If the RNA specimens found in the cellular fractions at dif- 
ferent times after the injection of the label (Table III) are 
surveyed, it will be seen that the extent to which they are labeled 
varies very much with their place within the cell. Up to a period 
of 2 hours after its administration, the concentration of P® in 
the RNA of the supernatant fraction of the cytoplasm (Fraction 
Sp) is nearly 10 times as high as that in the nucleic acid of the 
microsomal nucleoprotein particles (Fraction RNP). The 
nucleic acid fraction that is extracted from the microsomes by 
sodium deoxycholate solution (Fraction DS) occupies, in general, 
an intermediate place; this may be, at least in part, because 
the microsome preparations were not specially washed, so that 
the nucleic acid of Fraction DS could have included some nucleic 
acid from Fraction Sp. In the nucleic acid fractions examined 
24 hours after the injection of radioactive inorganic phosphate, 
these differences tend to disappear, although even here the specific 
activity of Fraction Sp exceeds that of the others. We have 
pointed out previously (2) that inorganic phosphate as a pre- 
cursor of RNA appears to move as follows: Sp — DS — RNP, 
whereas the progression of leucine as a precursor of cytoplasmic 
proteins takes an inverse, but possibly correlative, direction: 
RNP DS — Sp. If, for the presumed participation of RNA 
in the synthesis of protein, the rapid renewal of the former is 
necessary, the nucleic acid of the supernatant fractions seems 
to be more directly related to the synthesis of microsomal protein 
than is the nucleic acid of the microsomes themselves. 

Although the comparison of the activities of the 2’ + 3’ and 
the 5’ nucleotides produced from the same preparation must 
be considered as provisional, the results are of sufficient interest 
to warrant a brief discussion. It will be noticed that in Experi- 
ments 1, 2, and 3, in which the specific activity of the nucleic 
acid could be computed from both the 5’ and the 2’ + 3’ nucleo- 
tides, the latter almost invariably yielded higher values, especially 
in the earlier stages (Table III). Unless a systematic experi- 
mental error is assumed, an explanation may be based on the 
fact that a RNA chain carrying a terminal phosphate group on 
the 3’ hydroxyl is split quantitatively by alkali to a mixture of 
2’ and 3’ nucleotides, whereas phosphodiesterase produces, in 
addition to the 5’ nucleotides originating from the interior of 
the chain, one nucleoside and one nucleoside 3’ , 5’ diphosphate. 
The latter would not have been included when the 5’ nucleotides 
were collected in our experiments with phosphodiesterase; and 
in view of the known metabolic inhomogeneity of RNA (15, 16) 
it is not unlikely that the terminal phosphate groups which 
thus escaped from the balance of 5’ nucleotides were particularly 
highly labeled in the early stages. Had the nucleic acid chains 
terminated with a 5’ phosphate, the converse should have been 
observed. 

The position of the terminal phosphate group in a RNA chain 
will, in fact, be of great importance for the decision whether a 
naturally occurring polyribonucleotide should be viewed as a 
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II 
RNA fractions of rat liver: specific activities of 2’ + 3’ nucleotide 
constituents 
Experiment 4 5 6 
Minutes after of radioac 
20 120 
Fraction Sp 
580 1200 1100 
50 120 1750 
90 380 3950 
U 76 250 2000 
Fraction DS 
T 580 1200 2670 
10 110 540 
T 66 500 560 
D 28 80 500 
Fraction RNP 
4 20 370 
10 320 


* The specific activities are reported as counts per minute per 
10 wmoles of nucleotide. I mc. of P was used in each experiment. 


Taste III 
Specific activity of RNA fractions of rat liver* 

Experiment x os 1 6 | 2 3 
Period after of 
phosphate, minutes 5 W 20 120 120 1440 
Fraction Sp...... 163 ss bare mae 15, 10, , 400 61, 800 
Fraction DS. ....133/417| 37 3,300 4. 800 50, 500 54, 000 
Fraction RNP. 13 21 30, 23 1,500, 1. 200 62. 400 49, 900 


* See the text and Tables I and II for details. In Experiments 
1, 4, 5 and 6, 1 me. of Pu was used, in Experiments 2 and 3, 2 
me. were used. The specific activities were computed as counts 
per minute per 10 sgram-atoms of RNA phosphorus. 


polymer of 3’ or of 5’ nucleotides. Although the available 
evidence would seem to favor the allocation of the terminal 
phosphate to the 3’ hydroxyl, no strict decision can yet be made. 
But there can be little doubt that, as concerns the entire chain, 
it is best formulated as being held together by 5’:3’ phospho- 
diester bridges (17). It is in this connection that our compara- 
tive data on the production, by alkali, of the 2’ + 3’ nucleotides 
and, by phosphodiesterase, of the 5’ nucleotides must be con- 
sidered; for any given 
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MINUTES 
Fic. 1. Specific activity of the 2’ + 3’ nucleotide constituents of RNA from fractions of rat liver. The ratios of the specific ac- 
tivities of the individual nucleotides to those of the corresponding specimens of nucleic acid are plotted against the time elapsed 
after the injection of radiophosphate. A, Sp; B, DS; C, RNP. 


substituting nucleoside X at the 3’ hydroxyl and linking it to 
the 5’ hydroxy! of nucleoside V, will appear as the 2’ + 3’ nucleo- 
tide X in the alkali digest or as the 5’ nucleotide Y in the enzymic 
digest. This offers the possibility of a crude mapping of the 
arrangement of nucleotides in the polynucleotide chain. 

When the specific activities of the individual 2’ + 3’ nucleotides 
are compared, the activity of adenylic acid stands out as strik- 
ingly high during the early stages (Experiments 1, 4, and 5 in 
Tables I and II).“ This disproportionateness decreases after 
2 hours (Experiments 2 and 6) and almost vanishes at the end 
of 24 hours (Experiment 3). A clearer picture of the relative 
changes emerges when the activities are plotted in relation to 
the average activity of the total RNA as is done in Fig. 1. 
Our results at the 2 hour stage resemble qualitatively those 
reported by Smellie et al. (18). The comparison with observa- 
tions made on preparations of RNA from whole liver shows the 
trend of our findings to be in contrast to some reports in the 
literature (19), although not to others (20). 

In the comparison of the specific activities of the 5’ nucleotides 
derived from the fractions of RNA by enzymic digestion, those 
of the 5’ adenylic acid specimens are again found conspicuous, 

5 It should be stressed that many precautions were taken to ex- 
clude contamination. As mentioned before, the preparations of 
nucleic acid were, before hydrolysis, exhaustively washed with di- 
lute trichloroacetic acid; the hydrolysates were carefully freed of 
admixed inorganic phosphate; and the fractions of 2’ + 3’ adenylic 
acid obtained by ion exchange separation were, in addition, again 
subjected to chromatography on filter paper, in order to exclude 
the presence of 5’ adenylic acid or of other nucleotides. 


and even to a higher degree than in the case of 
nucleotides (Experiments 2 and 3 in Table I). 
ment in Table IV, in which the proportions of the radioactivity 


5’ adenylic acid, is distributed, but not to an equal degree, among 
the other nucleotides when the 2’ + 3’ derivatives are examined. 
Cytidylic acid receives a greater share of this activity transfer 
than do guanylic and uridylic acids (Experiment 2). The 
tentative arrangement that may be deduced from the figures 
given in Table IV is that of a polyribonucleotide chain in which 
the neighbors of an adenylic acid residue are grouped in the 
following order of decreasing frequency: (a) adenylic acid; (6) 
cytidylic acid; and (c) guanylic or uridylic acids. It may be 
remembered that in incorporation experiments with rat liver 
pulp, 5’ adenylic acid was found to place itself preferentially 
next to cytidylic acid (21). It is also noteworthy that in the 
RNA specimens isolated in Experiment 3 (Table IV), i.e. 24 
hours after the injection of phosphate, the figures for the propor- 
tional distribution of radioactivity among the individual 2’ + 3’ 
* The preparations of nucleic acid in Experiment 1, collected 
only 20 minutes after the administration of radioactive phosphate, 
are not suitable for this comparison. They may be assumed to be 
particularly heterogeneous with respect to the distribution of 
label; and the loss of highly labeled terminal phosphorus groups 
incurred, for the reasons discussed before, during the recovery of 
5’ nucleotides, will have obliterated the trend of relatively weak 
radioactivity in these preparations. 


200 
2 
200 300 0 200 300 Hoc 
of the total RNA carried by the individual nucleotides are 
indicated, brings this out clearly and shows also that a portion 
of the activity, carried by the phosphoric acid ester group of 
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Tant IV 
Distribution of radioactivity of RNA among individual 
nucleotide constituents® 


Experiment No. 2 5 
% % % % 
Fraction Sp 
13 26 56 —30 19 31 —12 
G 23 17 61 33 31 2 
1 37 18 19; 28 22 6 
ö 15 10 5 19 16 3 
Fraction DS 
. 41 67 —26 21 34 —13 
G 20 12 8 3 26 7 
1 26 13 13; 2 24 5 
5 12 d 4 17 16 1 
Fraction RNP 
8 23 63 —40 21 32 —11 
G 29 14 15; 30 28 2 
1 34 18 16; 32 25 7 
U 14 4 10 17 14 3 


are given in the first two columns for each experiment; A refers 
to the differences between the 2’ + 3’ and the 5’ nucleotides. 


nucleotides approximate the nucleotide ratios found in the RNA 
of cytoplasm of rat liver (13). This is not true of the 5’ nucleo- 


H. T. Shigeura and E. Chargaff 201 


attention was paid to the completeness of extraction and cleavage, 
it is believed that this was the case. If the orienting experiments 
presented here are to be expanded into a procedure for the in- 
vestigation of certain aspects of the nucleotide arrangement in 
RNA, it will, however, be necessary to employ highly purified 
preparations of polynucleotide, despite the often observed 
analytical inconsistencies exhibited by such purified specimens 
(14, 22). Another argument against the validity of some of 
our findings could be seen in the assumption that one species 
of nucleotides (2’ + 3’ or 5’) may have contained unrecognized, 
highly labeled contaminants that were absent from the other 
species. This postulate, although it cannot be discounted entirely, 
is unlikely. Apart from the unmistakable trend in almost all 
results, the remarkable consistency of the balances should be 
pointed out (Table IV). Moreover, the sum of the specific 
activities of the 2’ + 3’ nucleotides that are listed in Table I 
is, in almost all instances, not far from that of the corresponding 
activities of the 5’ varieties; a circumstance making gross con- 
tamination improbable. 
SUMMARY 


The appearance of in three ribonucleic acid fractions of 
the cytoplasm of rat liver was observed at different intervals 
after the injection of inorganic radiophosphate. During the 
first 2 hours, the concentration of P in the nucleic acid of the 
supernatant fraction of the liver cell considerably exceeds that 
remaining in the nucleoprotein granules after the treatment of the 
microsomes with sodium deoxycholate solution. The nucleic 
acid extracted by deoxycholate occupies an intermediate posi- 
tion. The movement of phosphate into the fractions of nucleic 
acid, therefore, progresses as follows: supernatant solution to 
deoxycholate-soluble to deoxycholate-insoluble. 

All specimens of nucleic acid were examined in the form of 
their individual 2’ + 3’ nucleotide constituents liberated by 
alkali, and many were also studied as the 5’ nucleotides set 
free by snake venom phosphodiesterase. The specific activities 
of preparations of adenylic acid, both the 2’ + 3’ and the 5’ 
isomers, were intially much greater than those of the other 
nucleotides, a disproportionateness decreasing progressively 
with time. 
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22 
* The experiments are numbered as in Table I. The radio- 
activities of the individual nucleotides, determined as the per- 
centage of the activity of 100 ram - atoms of RNA phosphorus, 
tides, a circumstance for which we still lack an adequate ex- 
planation. It is obvious that the production of the precursors 
or activated derivatives of the four principal nucleotide con- 
stituents of RNA cannot be simultancous and that a yet 
undefinable time sequence must be operative if the same ribo- 

phosphate derivative is used for all. 
Two possible objections to the validity of the comparison 
between 2’ + 3’ and 5’ nucleotides should be mentioned. One 
relates to the question whether the respective preparations 

sufficiently comparable and representative. Since particular 
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Increased urinary excretion of calcium has been observed after 
the administration of many unrelated substances such as para- 
thyroid extract (I), citrate salts (2), magnesium salts (3, 4), 
acidotic salts (5), excessive vitamin D (6), and the adrenal corti- 
cal steroids (7, 8). The dissimilarity of these materials would 
presume a different mode of action in each case. The following 
experiments were performed to ascertain, if possible, in what 
manner these substances exert their effects upon calcium metab- 
olism. 

EXPERIMENT I. 


The Effects of Hydrocortisone, Parathyroid Extract and Mag- 
nesium Sulfate upon Calcium Excretion—24 normal adult male 
Holtzman rats previously fed stock diet and weighing from 300 
to 400 gm. were used. The rats were dosed with 50 ye. of Ca**/ 
100 gm. of body weight subcutaneously and 24 hours later were 
put on test. They were divided into four groups containing six 
rats in a group. All rats received one dose of the test solutions 
subcutaneously. Group I received 6 mg. of hydrocortisone; 
Group II, 100 units of Lilly’s parathyroid extract; Group III, 
25 mg. of Mg“ as MgSO, and Group IV, isotonic saline as a 
control. To insure adequate urine collections, each rat was 
dosed orally with 10 ml. of 1 per cent saline. Urines were col- 
lected every 2 hours for 8 hours and again at 24 and 48 hours. 
The urines were made up to a known volume, filtered, and ali- 
quots were plated out in | inch stainless steel planchets, and 
were air-dried overnight in an oven at about 80°. They were 
counted in a windowless counter and the usual corrections for 
self-absorption and decay were made. During the experimental 
period, each rat received 10 per cent glucose as a source of water 
and calories. There were no differences in weight loss between 
groups during this period. 

Results—Although all these substances cause hypercalciuria, 
they do so at different rates (Table I). The effect of the MgSO, 
was almost instantaneous whereas PTE' does not exert its effect 
until about 8 hours after administration. The effect of hydro- 
cortisone is first detected in from 2 to 4 hours and usually main- 
tains its effect for at least 6 hours. The hydrocortisone- and 
MgSO,-treated rats show an excretion of the isotope below nor- 
mal in the 24 to 48 hour period. 


EXPERIMENT 2 
The Effects of Different Salts upon Calcium Excretion—The 
rapidity with which the magnesium sulfate acted prompted us 
to examine the effects of other salts upon calcium excretion. 
Citrate and acidotic salts are well known promoters of calcium 
exeretion (2, 5). 


The abbreviation used i« PTE, parathyroid extract. 


Since the magnesium was administered as the sulfate, a con- 
trol” of sodium sulfate was examined to compare the effects of 
the sulfate ion. Similarly sodium chloride was compared with 
the acidotic salt ammonium chloride. 

48 male Holtzman rats weighing from 190 to 200 gm. were 
fed a calcium-free diet (9) for 3 days and then given 25 ye. of 
C4100 gm. of body weight subcutaneously. Since these rats 
weighed approximately one-half as much as those in the first 
experiment, they received half the amount of radioactivity. 
Maintaining the rats on a calcium-free diet for 2 to 3 days before 
giving them the isotope results in a more uniform uptake of Ca“ 
and less variation in urinary excretion during the experimental 
period. The animals were kept on this diet for another 2 days 
before receiving the test material. Each rat received subcutane- 
ously, in a single dose, 0.86 m.eq. of the test salt solution in a 
volume of 1.0 ml. The control rats received 1.0 ml. of distilled 
water. All rats received drinking water but no food during the 
24 hour collection period. The radioactivity measurements were 
carried out as in Experiment I. 

Results—It is difficult to collect uniform urines at 2 hour inter- 
vals from rats, yet the data (Table II) do show that Mg“ and 
citrate” have almost an immediate effect upon calcium excre- 
tion. The other salts examined do cause increases in calcium 
excretion but to a much lesser extent. The increase with Na 80. 
above that of NaCl or NH,CI may be the result of the sulfate 
ion, since all the salts were given in equivalent quantities. 

It will be noted that the excretion of radioactive calcium of 
the control group is higher in the first experiment (Table I) than 
in the second experiment (Table II). In the first experiment, 
the 24 hour urine collection was begun | day after the injection 
of the isotope, whereas in the second experiment the collection 
began 48 hours after the administration of the isotope. In addi- 
tion, the rats in Experiment 2 received only one-half as much 
isotope as did those in Experiment 1. Both of these factors 
could account for the increased output of isotope by the con- 
trols in Experiment 1. 

The above experiments were performed on rats that had a 
high level of circulating Ca“ since the animals received the 
isotope only 2 days before going on test. Thus, the results ob- 
tained do not necessarily reflect the action of these salts upon 
bone itself. To investigate this aspect, Experiment 3 was per- 
formed. 

EXPERIMENT 3 


Effects of Hydrocortisone, Magnesium Sulfate, Sodium Citrate, 
Parathyroid Extract and Vitamin D upon Bone Resorption—Male 
Holtzman rats weighing about 190 to 200 gm. were fed a cal- 
cium-free diet for 60 days. After the 3rd day they were injected 
with 100 ye. of Ca*/100 gm. of body weight subcutaneously. 
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Tant I This higher amount was used to insure that sufficient radioac- 
tivity was present for convenient counting at the end of the ex- 


Urinary radioactive calcium cl 
periment. They were then fed stock diet for 2 months at which a 
Total counts excreted in hours time they were put on test. The rats were divided into five | 
— 0 ae aa ae oes ons | groups of four and given the following treatments daily: (1) 2 p 
mg. of hydrocortisone/100 gm. of body weight; (2) 0.43 m.eq. 
Control. 2, 900 11,000 | 4,400 | 8,700 12,000 | 39,000 6,100 of MgSO,/100 gm. of body weight; (3) 0.43 m.eq. of sodium | , 
Hydro- citrate/100 gm. of body weight; (4) 100 units of Lilly's para- U 
sone 13, During the experimen period days all animals recei 
800 | 2,400 | 4,800 7,800 17,000 32,800 300 — 
MgSO... . 21,000 48, 200 13,000 12,000 8,500 102, 700 4,000 ind were maintained on a calcium-free diet (9). Urines were — 
collected every 48 hours. Ca“ was determined directly on the = 
urines with a flame photometer. Radioactive measurements * 
Taste II were carried out as described before. — 
Urinary radioactive calcium Attempts were made to control the food intake so that all | 
: — animals ate about the same amount during the experimental 
— — —— period. However, the hydrocortisone-treated rats consumed 
0-2 24 — 204 0-24 only 56 per cent and the vitamin D-treated animals about 85 * 
= per cent of the amount that the control rats ate. All the other * 
eee ruts consumed approximately the same amount of food. * 
Controls 113 1,300 850 12,800 15,013 Resulte—Any increase in Ca“ excretion at this time must nee- 
MgSO,-7HO 32,500 | 19,200 | 6,200 | 31,400 | 89,300 essarily come from bone. Both the isotope and total calcium ad 
eee 4,600 | 3,100 | 1,400 | 16,400 | 25,500 excretion of the control rats were fairly uniform during the ex- th 
— 2257 —— — perimental period (Table III). There was a decreased excretion | 
Na, citrate,........ 28,000 77,800 | 7,400 | 29,100 | 142,300 —— — — — — — at — 
the 8th day. This delay in radiocalcium excretion after steroid by 
Tass Ill treatment has been observed before (8). Both Mg** and cit- Ye 
: rate” administration resulted in a 2- to 3-fold increase in calcium f ,, | 
— excretion almost immediately and this increase was still present | 
Days at the end of the experiment. Parathyroid extract acted in a ha 
Treatment similar fashion although the rise was not as pronounced for the 
| os | a4 | * os | Total 0-6 first 4 days, but then rose above those of the two salt treat- — 
ments. Vitamin D caused only a slight increase in Ca“ and 
Can excretion. The specific activity figures show that with 


Controls..........- 6.0 | 5.2 | 7.3 | 65 | 25.0 Met, citrate”, or PTE there is a proportionately greater ex. 
Hydrocortisone 5.4 | 4.7 | 15.8 | 21.2 | 47.1 cretion of Cal as compared to Cu“ than there is in the control 
ES 38.3 | 49.1 | 60.0 | 39.8 | 187.2 animals. In the case of the steroid-treated rats this increase in | | 
Na, citrate 5.8 535.3 | 42.0 | 35.1 189.2 specific activity does not occur until the 4th day. Vitamin D 2 
D 25.4 | 21.5 | 73.4 | 76.5 | 196.8 in the dosage used here had a very small effect upon the specific 3. 
Vitamin D......... 7.7 5.4 | 13.9 6.7 33.7 activity of the excreted urinary calcium. 
4. 
~» Urinary calcium® (mg.) DISCUSSION 
The administration of many unrelated substances to rats re- 5. 
260 17 11 13 Sulte in hypercalciuria which is evident at different time inter | 
eee 6.9 | 6.2 8.0 | 5.7 | 26.6 Vals depending upon the substance administered. It is evident „ 
Na, Citrate........ 6.1 | 5.3 | 5.5 | 4.6 | 21.4 from Table I that PTE acts differently from either hydrocorti- 
eI 4.6 56 | 7.0 | 8.5 | 25.6 sone or magnesium sulfate since its action is delayed at least 4 | 8 
Vitamin D......... 2.4 3.5 3.2 2.6 11.7 hours, whereas hydrocortisone and MgSO, cause a rapid excre- 
tion of radiocalcium (Table I). The increased excretion of iso 9. 
Specific activity (counts/min./mg. calcium) X 10 tope after the administration of parathyroid extract is probably 
the result of increased bone resorption which has been demon- 10. 
Controls........... 2.2 2.4 2.7 2.7 2.5 strated by many investigators (9-14). The depression and de- 
Hydrocortisone. . — — — — — lay in radioactivity excretion during the first few hours may be 
N the result of oliguria which has often been seen after parathyroid 
a, Citrate........ 9.4 10.6 7.7 7.6 8.8 inistration (15 
5.4 6.3 9.0 88 | 7.7 extract administration (15). 
Vitamin DP. 3.1 1.6 41 2.6 29 In addition, a certain amount of time is required for the cellu- 
lar transformations that are necessary for increased bone resorp- 


* Ca* Administered 60 days before experimental treatment. tion (16). 
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In the short-term experiments (Experiments | and 2), the 
circulating radioactivity is still very high and anything that 
would tend to prevent the deposition of calcium into bone would 
result in an increased urinary excretion of the isotope. This is 
probably what occurs with hydrocortisone (8). 

The parenteral administration of the salts tested (Table II) 
shows that in all cases there ix increased calcium excretion. 
However, MgSO, and sodium citrate are the most potent in 

ing calcium excretion. In neither case can this effect be 
ascribed to acidosis since the administration of the acidotic salt 

NH. CI, although given in equivalent quantities, had only a 
minor effect. MgSO, and sodium citrate seem to exert an im- 
mediate and direct action upon bone (Table II). It has been 
suggested that citrate exerts its action by complexing Ca** ions 
and thus promoting their excretion. Since magnesium sulfate 
has a similar rapid effect upon calcium excretion and cannot be 
classed as a chelating agent, it would appear likely that both 
these substances have a direct action on bone. Continued ad- 
ministration of Mg apparently does not increase the magnesium 
content of bone (17). Thus it does not seem likely that Mg is 
merely replacing the calcium in the bone. 

In the long-term experiment (Table III), the isotope had been 
administered 60 days before the animals went on test. During 
these 60 days, the average weight gain of the rats was approxi- 
mately 180 gm. and thus could result in an approximate increase 
of 1.8 gm. of skeletal calcium. Thus, new bone was continually 
being formed during this period. It is generally believed that 
by this time the isotope is deposited deeply within the bone. 
Yet after the administration of PTE, Mg** and citrate” there 
is an immediate outpouring of Ca“ and Ca®. Obviously some 
readily accessible site containing large amounts of isotope must 
have been attacked. These sites may be the trabeculae of the 
spongiosa which is probably the readily available bone store of 
calcium (18). The similarity of the pattern of the urinary ex- 
cretion of radiocalcium after magnesium sulfate and sodium cit- 
rate to that after PTE makes it appear likely that these sub- 
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stances also act as osteolytic agents. Hydrocortisone has no 
effect upon radiocalcium for the first 4 days. During this time 
normal resorption is occurring with decreased bone formation. 
This is what had been postulated by Albright (19). Presumably 
after this period of time, sites on the bone are reached which 
contain the radioactive material that was deposited 60 days be- 
fore. At this point, normal resorption will result in a greater 
proportion of labeled material coming out. Perhaps the sites 
of the greatest activity in the trabeculae are not normally called 
upon to furnish calcium unless there is a demand upon them. 
The dose of vitamin D used was probably not toxic to the rat 
and hence had little effect upon calcium excretion. 

The increased excretion of Ca“ (Table III) shows that when 
calcium is released by MgSO,, citrate, or PTE it is not derived 
from the most recently laid down bone but from bone that had 
been formed long since and was apparently in a state ready to be 


called upon in an emergency. 


Subcutaneous administration of parathyroid extract, magne- 
sium sulfate and sodium citrate cause a rapid increased excre- 
tion of urinary radiocalcium, regardless of whether the isotope 
was given 2 days or 60 days before. On the basis of excretion 
data, their actions appear similar and indicate a direct osteolytic 
action on bone. Moreover, in the case of animals treated 60 
days before with the isotope, the increased urinary radiocalcium 
as a result of parathyroid extract, MgSO,, or sodium citrate 
treatment must be derived from a storehouse of older bones and 
not from recently deposited calcium. 

The increased urinary excretion of radiocalcium after hydro- 
cortisone treatment appears to be the result of decreased bone 
formation accompanied by normal resorption. 

All salts tested caused some hypercalciuria; however, only 
Mg!“ and citrate™ resulted in a 6- to 10-fold increase in urinary 
radiocalcium and in a 2- to 3-fold increase in urinary Ca“ indi- 
cating a specific action of these substances upon bone. 
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Previous work from this laboratory has demonstrated the 
presence of peroxidase in the estrogen-stimulated uterus of the 
rat (1), in the intestines, spleen, lung, and stomach of the rat (2), 
and in the transplanted Walker carcinosarcoma No. 256 (3). 
Since only three mammalian peroxidases have been described in 
detail, namely, lactoperoxidase from milk (4), verdoperoxidase 
from leukocytes (5) and tryptophan peroxidase from liver 
(6, 7), it was of interest to characterize the uterine peroxidase 
and relate it to the known animal and plant peroxidases. 

In order to investigate the nature of the uterine peroxidase, a 
comparison was made of the rates of oxidation of three donors 
by this enzyme and by peroxidases from other sources. The 
other peroxidases studied included lactoperoxidase, verdo- 
peroxidase, yeast cytochrome c peroxidase, horse-radish peroxi- 
dase, and a peroxidase from carrot roots. Tryptophan peroxi- 
dase was not included since this enzyme was unable to oxidize 
the donors under the conditions employed. 


EXPERIMENTAL 


Reagents and Enzyme Preparations—Sodium 2,6-dichloro- 
benzenoneindo-3’-chlorophenol was purchased from Eastman 
Kodak Company. Disodium versenate was obtained from the 
Bersworth Chemical Company, and pyrogallol from the J. T. 
Baker Chemical Company. Cytochrome c was prepared ac- 
cording to the procedure of Keilin and Hartree (8) with the 
exception that the final product was dialyzed against distilled 
water. Stock solutions with a concentration of 2 x 10 M 
were prepared. Reduced cytochrome c was prepared by di- 
luting the stock solution of cytochrome c 10-fold with 0.02 m 
NazHPO,-KH,2PO, buffer, at pH 7.4, that contained 10 
disodium versenate with an added trace of sodium borohydride. 
The mixture was dialyzed against the Versene-phosphate buffer 
for about 6 hours in order to remove the excess reducing agent 
and its oxidation products, and was used in the tests immediately 
after dialysis. Reduced cytochrome c prepared in this manner 
was obtained free of peroxide, as was determined enzymatically 
with yeast cytochrome c peroxidase, and was at least 90 per 
cent reduced. The rate of autoxidation of this substance was 
insignificant, but it increased when the sample was stored after 
dialysis, thereby making the cytochrome c unsuitable for use. 

The uterine peroxidase was obtained from estrogen-stimulated 
uteri of ovariectomized rats, as previously described (1). Con- 
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ditions were chosen for maximal peroxidase response. A 20 
per cent homogenate was prepared with cold phosphate buffer at 
pH 7.4. A supernatant fraction used especially for spectro- 
photometric assays was prepared by the centrifugation of the 
homogenate in a Servall angle head centrifuge at 5° for 1 hour 
at 5000 X g. 

Lactoperoxidase was prepared from raw skim milk in es 
sentially the same manner as is described by Polis and Shmukler 
(9). This involved the isoelectric precipitation of casein from 
the milk, fractionation with ammonium sulfate, and displace- 
ment chromatography on a column of calcium phosphate. 
Samples collected after ammonium sulfate fractionation, but 
before the use of calcium phosphate, are referred to as lacto- 
peroxidase-1, and those which were further purified by use of 
calcium phosphate are referred to as lactoperoxidase-2. After 
dialysis against distilled water until they were salt-free, the 
preparations were stored at — 10° until used. 

Verdoperoxidase was prepared from empyema fluid according 
to the procedure described by Agner (5). After fractionation 
with alcohol and ammonium sulfate, the verdoperoxidase was 
dialyzed against 0.1 Mu phosphate buffer, at pH 7.4, and was 
stored at —10° until needed. 

Yeast cytochrome c peroxidase was prepared from baker's 
yeast as described by Abrams et al. (10). The peroxidase was 
obtained by fractionation with ammonium sulfate and alcohol, 
and then it was lyophilized and stored as a dry powder until 
needed. Before it was used, it was adsorbed on alumina gel, 
eluted with buffered ammonium sulfate, and dialyzed against 
repeated changes of distilled water until it was salt-free. 

The carrot peroxidase was prepared as either a homogenate or a 
supernatant fraction. A 20 per cent homogenate was prepared 
by the blending of diced pieces of carrot in a Waring Blendor 
with 0.1 u phosphate buffer at pH 7.4. In order to obtain the 
supernatant fraction, the homogenate was squeezed twice 
through two layers of cheesecloth to remove light fluffy particles, 
and the mixture was then centrifuged for 40 minutes at 
11,000 x g. 

Horse-radish peroxidase was prepared through the ammonium 
sulfate fractionation stages in essentially the same manner as 
described by Keilin and Hartree (11). The salt was removed 
from the final product by dialysis against distilled water, and 
the enzyme was stored at —10° until it was needed. 

Beef liver catalase was obtained in the crystalline form ac- 
cording to the procedure of Dounce (12), and was dissolved in 
10 per cent NaCl prior to use. 

Leuko Dye Assay—The rate of oxidation of the leuko form of 
the dye, sodium 2,6-dichlorobenzenoneindo-3'-chlorophenol, by 
the uterine peroxidase as measured in the Lumetron model 402 E 
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Fic. 1. The relation of the concentration of horse-radish 


peroxidase to the rate of oxidation of pyrogallol. The conditions 
are as described in the text. 


colorimeter has been described previously (1). A unit of peroxi- 
dase was defined as that amount of enzyme which caused a 
4 log I per minute of 1.0 under the specified conditions of the 
test. Identical conditions were used in order to measure the 
activity of the other preparations of peroxidase. 

Cytochrome c Peroxidase l/ The rate of oxidation of 
reduced cytochrome c by the yeast cytochrome c peroxidase was 
determined in essentially the same manner as described by 
Abrams et al. (10), that is, by observing the rate of decrease in 
absorption at 550 my with a Beckman model DU spectrophotom- 
eter. The normal assay system contained reduced cyto- 
chrome c., H,O, and the peroxidase. Any rate of oxidation of 
cytochrome c that remained upon omission of II. O, and addi- 
tion of catalase was ascribed to cytochrome c oxidase. The 
only preparations that showed oxidase activity were the uterine 
and carrot peroxidases, in which the activity was 20 to 30 per 
cent of the rate of cytochrome c oxidation that is attained in 
the normal system.' 

The following reagents were added to a Beckman cuvette: 
1.0 ml. of reduced cytochrome ¢ in V. te buffer 
prepared as described previously; 0.05 ml. of 18 x 10 per 
cent II. 0, 0.1 ml. of the peroxidase solution; and water to a 
final volume of 1.2 ml. When catalase (0.1 ml. of solution 
containing 0.05 mg. catalase per ml.) was added, the final volume 
was adjusted accordingly with water. The blank cuvette 
contained all of the above reagents with the exception of eyto- 
chrome c, the Versene-phosphate buffer being used in its place. 

Optical density readings were recorded every 30 seconds 
for 5 minutes after the initial mixing of the reagents. After 


With these two preparations, the activity remaining upon 
simple omission of peroxide could not all be ascribed to oxidase, 
since the addition of catalase further decreased the activity, which 
indicates the possible presence of endogenous peroxide in the 
preparations. 
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the last readings, 0.04 ml. of 10 * potassium ferricyanide was 
added to the contents of the cuvettes, and the density was re- 
corded. A measurement of the reduced cytochrome ¢ present 
at any given time was calculated as the difference between the 
optical density of the mixture recorded at that time and the 
optical density of the totally oxidized cytochrome c, according 
to the procedure of Altschul, Abrams, and Hogness (13). In 
order to facilitate calculations, this difference in optical density 
was multiplied by 100, and the logarithm of this value was 
plotted against time. A unit of enzyme was defined as that 
amount of enzyme which caused a A log value of 1.0 per minute. 

Each of the peroxidase preparations was tested for evtochrome 
c peroxidase activity as described above. 

Pyrogallol Assay—This assay was designed particularly for 
horse-radish peroxidase, and utilized the measurement of the 
initial rate of oxidation of pyrogallol with a Klett-Summerson 
photoelectric colorimeter with a 540 ma filter. To a colorimeter 
tube the following were added: 3.0 ml. of 0.1 M phosphate buffer 


Tasie J 
Comparison of relative rates of oridation of 
three donors by different peroridases 

The rate of oxidation of the leuko dye was assigned a value of 
100 for each enzyme. Each value represents the average of at 
least three determinations. The uterine peroxidase was obtained 
as a supernatant fraction, and all other peroxidases were prepared 
as described in the text. 

The absolute rate of oxidation of the leuko dye, expressed as 
units per mg. dialysed dry weight, were: uterine peroxidase, 49; 
lactoperoxidase-1, 33; lactoperoxidase-2, 266; verdoperoxidase, 
845; yeast cytochrome c peroxidase, 19; carrot peroxidase, 35; 
and horse-radish eae 2770. 

Horse 


Yeast 
Uterine Lacto Lacto- Carrot radish 


Leuko dye Tas 100 100 100 100 100 100 
Pyrogallol 0 0 33 18 
Reduced exto- | 
chrome. 0.40 0.12 036 0 37,000 21 0.0J 


— 


— — 


Taste II 
A comparison of rates of oxidation of leuko dye and 
Pyrogallol by mammalian perozidases 
Each value represents the average of at least three determin- 
ations. 


——Ü——ũĩ— — — 


Leuko 
| assay 


Ratiot 
meg. meg. 
Uterine peroxidase 100/38 
Lactoperoxidase-l 21 12 100/57 
Lactoperoxidase-2. | 327 100/58 
Verdoperoxidase __. | 452 16 1003.5 


* The uterine peroxidase was obtained as a 20 per cent homog- 
enate. The other enzymes were prepared as described in the 
text. In both assays the preparation of lactoperoxidase-2 was 
diluted with 0.1 u phosphate buffer, pH 7.4, containing 0.5 per 
cent gelatin to increase the stability of the enzyme. 

+ The ratio is defined as the relative activity of the enzyme in 
the leuko dye assay expressed as 100 to its activity in the pyrogal- 
lol assay. 
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at pH 6.0; 1.0 ml. of 0.3 per cent HO,; 0.1 ml. of enzyme; 0.5 
ml. of 320 mg. per 100 ml. pyrogallol; and water to a volume of 
7.0 ml. The peroxide and enzyme were added from an ice bath, 
and the other reagents were kept at room temperature so that 
the reaction mixture was 24° during the assay. The contents 
of the tube were quickly mixed by inversion, and the tube was 
then placed in the colorimeter with the dial set at a reading of 
50 (or 50 plus the blank reading of the solution in the event 
that turbid samples were used). As the needle of the colorim- 
eter reached this setting, a stop watch was started, and the 
time required for the needle to pass a resetting at 100 (or 100 
plus the blank) was recorded. Under these conditions, the 
reciprocal of the time necessary for the oxidation of the dye with 
varying concentrations of enzyme was established. This linear 
correlation is shown in Fig.1. In order to obtain the best results, 
reaction times were taken between 10 and 25 seconds. A unit 
of enzyme was defined as that amount which caused the stated 
oxidation of the dye in 100 seconds. 


Since the peroxidases were not of the same degree of purity, 
the rates at which they oxidized the leuko dye, pyrogallol, and 
reduced cytochrome c are rates that have been given relative to 
the rate of oxidation of the leuko dye. A summary of these 
rates is given in Table I, with the average rates of oxidation of 
the leuko dye recorded separately. The striking differences in 
the relative rates of oxidation of these compounds by the peroxi- 
dases are very apparent. For example, the three mammalian 
peroxidases oxidized pyrogallol and reduced cytochrome c at 
exceedingly slow rates (or not at all, as indicated for verdo- 
peroxidase) when compared with their ability to oxidize the 
leuko dye. Yeast cytochrome c peroxidase, on the other hand, 
readily oxidized reduced cytochrome c, in contrast with its 
ability to oxidize the leuko dye or pyrogallol. The only other 
peroxidase capable of oxidizing reduced cytochrome c at an 
appreciable rate was the preparation from carrot roots. The 
rate of oxidation of pyrogallol by the preparations of carrot and 
horse-radish (relative to the rate of oxidation of the leuko dye) 
was 4 to 8 times greater than that obtained with either lacto- 
peroxidase or the uterine peroxidase. 

The data obtained thus show that the mammalian peroxidases 
can be distinguished from the yeast or plant peroxidases. Among 
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the animal peroxidases, it is clear that the uterine peroxidase 
resembles the lactoperoxidase but is quite different from verdo- 
peroxidase, although a much better comparison of the animal 
peroxidases can be made by changing the conditions of the assay. 
The concentration of peroxide used in the yeast cytochrome e 
assay was insufficient for assay of the animal enzymes, whereas, 
in the pyrogallol assay, the concentration of peroxide was optimal 
for horse-radish peroxidase, but was extremely inhibitory for 
the animal enzymes. Accordingly, for the animal peroxidases, 
the pyrogallol assay was modified as follows. To a colorimeter 
tube were added 3.0 ml. of 0.2 * trate buffer 
at pH 7.0; 0.1 ml. of 0.3 per cent HO,; 0.4 ml. of 0.1 u phos- 
phate buffer at pH 7.4; 0.1 ml. of enzyme (or varying amounts 
of the latter two reagents to make a total volume of 0.5 ml.); 
0.5 ml. of 320 mg. per 100 ml. pyrogallol; and water to a vol- 
ume of 7.0 ml. The peroxide, enzyme, and pH 7.4 buffer 
were kept in an ice bath, and all other reagents were maintained 
at 30° in a water bath. The relationship between the amount of 
enzyme used and the reciprocal of the time necessary to oxidize 
pyrogallol was shown to be linear. The best results were ob- 
tained with reaction times between 10 and 25 seconds. A unit 
of enzyme has been defined previously. 

The assay of the leuko dye was modified to use 0.1 ml. of 0.18 
per cent H,O, rather than 0.1 ml. of 0.06 per cent peroxide, as 
previously specified.“ 

The rates of oxidation of pyrogallol and the leuko dye were 
determined, and the results are recorded in Table II. It is evi- 
dent that the uterine peroxidase and lactoperoxidase are similar 
with respect to the oxidation of the leuko dye and pyrogallol, but 
they both differ in this respect from verdoperoxidase. 


On the basis of the ability of a number of peroxidases to oxidize 
different donors, it is evident that the uterine peroxidase is 
clearly similar to lactoperoxidase, whereas it is different from 
verdoperoxidase, yeast cytochrome c peroxidase, horse-radish 
peroxidase, or carrot peroxidase. 

Whether it is truly identical with lactoperoxidase cannot be 
ascertained until there is a greater purification of the enzyme so 
that spectrophotometric and other physical properties can be 
compared. In the meantime, it seems preferable to retain the 
name uterine peroxidase indicating of the tissue of origin. 
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A greater activity for a given amount of enzyme was obtained 
with 0.1 ml. of 0.18 per cent H,O; , providing that the dye, per- 
oxide, and enzyme were added in this order. Previously, the 
maximum activity was obtained with 0.1 ml. of 0.06 per cent 
H,O, in which case the dye and enzyme were added last to the 
assay mixture. 
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Peroxidase and Cytochrome Oxidase in Rat Tissues“ 


A. Nevre pt, A. N. Levay, Frep V. Lucas$, P. Martin, AND Eimer Srorz 
From the Departments of Biochemistry and Pathology, University of Rochester School of Medicine and Dentistry, Rochester, New Y ork 
(Received for publication, February 26, 1958) 


The presence of peroxidase in the uterus of the estrogen- 
injected ovariectomized rat and in the Walker carcinosarcoma 
No. 256 of rate has been reported previously (1, 2). In view of 
the fact that both these tissues undergo rapid proliferation, it 
was thought of interest to survey several other rat tissues to 
determine whether peroxidase might be generally associated with 


proliferation. 

Bancroft and Elliott (3) studied the distribution of peroxidase 
in animal tissues in 1934. Their analyses, like those of other 
workers in this field, were complicated by the presence of hemo- 
globin, which is itself a weak peroxidase. Nevertheless, they 
thought that their results definitely indicated the presence of 
peroxidase in lung and spleen tissue. In the present study special 
methods were devised in order to insure minimal interference 
with “true peroxidase” activity by hemoglobin and catalase. 
Parallel studies were also made on the cytochrome oxidase 
content of the tissues. 

There appears to be an inverse relationship between the content 
of peroxidase and cytochrome oxidase. Tissues such as intestine, 
uterus, Walker carcinosarcoma No. 256, stomach, spleen, and 
lung, which have relatively high levels of peroxidase are low in 
cytochrome oxidase; whereas heart, kidney, brain, and skeletal 
muscle are characterized by the reverse situation. 


Preparation of Enzyme Fractiona—Male and female rats of the 
Wistar strain were used in all experiments. Male rats weighed 
between 200 and 250 gm. and females between 180 and 200 gm. 
The animals were sacrificed by decapitation and the tissues 
removed, weighed, and placed in a beaker of ice. The tissue 
was ground to a paste with a chilled mortar and pestle, and then 
it was homogenized in 15 per cent sucrose containing 0.3 per cent 
saponin by stroking 10 to 20 times in the loose-fitting ball and 
evlinder homogenizer described by Dounce and coworkers (4). 
The homogenate was then filtered once through 90 mesh cheese- 
cloth and diluted with sucrose-saponin solution in order to make 
either a 10 or 20 per cent homogenate based on the original wet 
weight of the tissue. It was then centrifuged for 60 minutes at 
75,000 Xx g in a Spinco preparative ultracentrifuge. The 
supernatant fluid (Fraction 8) was usually discarded and the 
precipitate resuspended by homogenization, as described above, 
in 15 per cent sucrose containing no saponin. The volume was 
adjusted from 3 to 2 times that of the original homogenate. 
This fraction is referred to as HS-1. 


* This investigation was supported in part by a grant from the 
Jane Coffin Childs Memorial Fund for Medical Research. 

Present address: Fort Detrick, Frederick, Maryland. 

: Present address: Department of Pathology, College of Phy- 
sicians and Surgeons, Columbia University, New York, New York. 


In the case of large and small intestine, Walker carcinosarcoma 
No. 256, skeletal muscle, heart muscle, and uterus, the above 
procedure was modified by first freezing the tissues for 24 hours 
and then passing the frozen tissue through a chilled tissue press 
(5) before homogenization. 

Assay Procedure—Peroxidase activity was determined in the 
presence of dichlorophenol added to inhibit catalase, as described 
in @ previous paper (2). Cytochrome oxidase was determined 
by a modification (2) of the method of Smith and Stotz (6). 

Hemin Analysis—Hemoglobin in the various tissue fractions 
was determined as hemin in the following manner. 1 ml. of the 
sample, or the appropriate aliquot of this sample diluted to | ml. 
with water, was pipetted into a test tube. To the sample were 
added 3 ml. of a pyridine-sodium hydroxide mixture (100 ml. of 
pyridine and 30 ml. of & NaOH, with distilled water added to a 
total volume of 300 ml.) The tube was well shaken and the 
optical density at 558 my was determined. A small amount of 
sodium dithionite was added, and the optical density at 558 my 
was again measured. The amount of hemin was then calculated 
from the difference in absorbancy, using the standard hemin 
curve shown in Fig. 1. 

This method of hemin analysis was chosen in order to compen- 
sate for the turbidity of the samples. For all tissues studied a 
linear relation was found between the amount of sample and the 
content of the measured hemin. 


RESULTS 

In correcting for the peroxidase activity of hemoglobin, two 
assumptions were made: (a) that all the peroxidase activity of 
rat blood resulted from hemoglobin, and (b) that all the hemin 
measured in the tissue fractions was derived from hemoglobin. 
Several samples of rat blood were analysed for peroxidase activity 
and hemin content as described above, and the results were 
averaged. It was found that | yg. of hemin was equivalent to 
0.5 unit of peroxidase activity. Therefore, this factor was used 
to correct for any hemoglobin peroxidase in the tissues that 
were tested. The results of a typical experiment that used this 
correction factor are illustrated in Table I. 

It can also be noted from Table I that the saponin is quite 
effective in the removal of hemoglobin from a spleen homogenate. 
On the average, only 15 to 18 per cent of the hemoglobin was 
present in the resuspended precipitate (HS-1). In addition, it 
can be seen that the total peroxidase activity of the supernatant 
fluid (Fraction S) can be accounted for by its content of hemo- 
globin. It is also apparent that the activity of nonhemoglobin 
peroxidase in spleen is located in the insoluble fraction (HS-1), 
presumably in the mitochondria, as described for tumor (2). 
This association of the peroxidase with the fraction sedimented 
at 75,000 < was found to be true with the other tissues studied. 
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Fic. 1. Assay for hemin in tissues. Appropriate aliquots of a 
solution of crystalline hemin were added to the NaOQH-pyridine 
mixture described in the text. The volume was adjusted to 4 ml. 
The absorbancy at 558 ma was measured in the Beckman model 
DU spectrophotometer. Sodium dithionite was then added and 
the absorbancy again measured. The difference in absorbancy 
between the oxidized (without dithionite) and the reduced (with 
dithionite) form of the pyridine hemochromogen was calculated 
and the values plotted against the micrograms of hemin in the 
sample. 
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Taste I 
Correction for peroxidase activity of hemoglobin in spleen 
— Peroxidase | Hemin Corrected 
Fraction peroxidase 
activity? content activity activity 
n | 15.5 34.4 17.2 | 0 
8.0 7.7 3.9 30.1 


*S is the supernatant fluid obtained by centrifugation of a 
sucrose-saponin homogenate, and HS-1 is the precipitate resus- 
pended in sucrose to give the original volume of the homogenate. 
Details of preparation of the fractions are given in the text. 

tA unit of peroxidase activity is defined as that amount of 
enzyme which caused a A log I per minute of 1 under the specified 
conditions of the test (2). 


As in the case of peroxidase, all of the cytochrome oxidase 
activity in the various tissues examined was found to be asso- 
ciated with the material sedimented at 75,000 x g. It was 
therefore felt that the use of saponin and high speed centrifuga- 
tion to obtain an essentially hemoglobin-free fraction constituted 
a valid method for the measurement of both peroxidase and 
cytochrome oxidase activities in the tissues of the rat. The 
amount of peroxidase and cytochrome oxidase in Fraction HS-1 
prepared from a number of tissues is shown in Table II. 

An inspection of Table II reveals that the tissues fall into two 
major groups. The first group is composed of intestine, uterus, 
spleen, lung, stomach, and tumor, and is characterized by high 
peroxidase and low cytochrome oxidase levels. The second 
group is composed of kidney, skeletal muscle, heart, brain and 


Peroxidase and Cytochrome Oxidase in Rat Tissues 


Tant II 
The distribution of peroridase and cytochrome oridase in rat tissues 
Cytochrome | units of peronidase 
/mg. 
Small intestine .. BA 0.22 61 
Uterusf.. 10.3 0.13 79 
Large intestine 10.0 0.16 63 
Spleen 6.4 0.25 26 
5.4 90.23 23 
Walker Carcinosar- | 
coma No. 256__. | 1.2 0.18 6.7 
ZZ 4.9 0.85 5.8 
Kid ne, 0.32 1.13 0.2 
Skeletal muscle 0.27 1.10 0.24 
Heart muscle 0D 1.64 0.12 
010 0.60 0.17 
Liver 0 1.06 | 


* 


* In most cases the data are given for samples of tissues pre- 
pared from female rats. It was found, however, that no signifi. 
cant difference could be observed between male and female. 
Each sample represents the average of at least duplicate deter- 
minations on individual tissues from at least two animals. All 
of the data reported are for HS-1 fractions and have been cor- 
rected for any hemoglobin-peroxidase activity, as described in 


the text. 
The uteri were from ovariectomized rats which were sacrificed 


72 hours after they had been injected with 0.2 mg. of diethylstil- 
bestrol, as described previously (1). 


liver, and is characterized by high cytochrome oxidase activity 
and low peroxidase activity. This inverse relation is especially 
obvious in the ratios of peroxidase to cytochrome oxidase activity 
recorded in the table. All the tissues in the first group have 
values for this ratio in excess of 5, whereas all of the tissues in the 
second group have values for this ratio of less than 0.3. 


DISCUSSION 

The data accumulated in this paper tend to divide tissues into 
those which possess a significant peroxidase activity coupled 
with a low cytochrome oxidase activity, and those which possess 
little or no peroxidase activity, but a high concentration of the 
oxidase activity. In an earlier paper (1) it was suggested that 
the presence of peroxidase might be characteristic of proliferating 
tissue. This suggestion appears to be substantiated by the data 
presented in the present paper. The organs with significant 
concentration of peroxidase and a high peroxidase-cytochrome 
oxidase ratio are among those which Leblond et al. (7) found to 
have a high rate of cell renewal. In contrast, the tissues without 
peroxidase are those with little or no cell renewal. A possible 
exception to this is the case of the spleen. Here it is possible that 
the peroxidase activity may in part or largely result from the 
presence of a considerable number of leukocytes which are 
characteristic of this tissue and which are rich in verdoperoxidase. 

The inverse relation of peroxidase and cytochrome oxidase in 
the tissues that were studied leads to the possibility that per- 
oxidase may partially substitute for the oxidase in the oxidative 
metobolism of the proliferating tissue. 
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SUMMARY described which utilizes a correction factor for the presence of 


hemoglobin. 

i. A method is presented for preparing material from tissues 3. Several rat tissues have been assayed for peroxidase and 
suitable for the assay of peroxidase and cytochrome oxidase and cytochrome oxidase. Tissues which contain a high level of 
also relatively free of hemoglobin. peroxidase seem to be relatively low in cytochrome oxidase, and 

2. A method for the assay of peroxidase in tissues has been these tissues fall in a group which exhibit cell renewal. 
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Photoreduction of Pyridine Nucleotides b 
and Chromatophores of Rhodospiri 


Cell-Free Extracts 
rubrum 


Leo P. VERNON 


From The Department of Chemistry, Brigham Young University, Provo, Utah 
(Received for publication, January 13, 1958) 


The involvement of pyridine nucleotides in the photochemical 
reducing system generated by plant chloroplasts is well estab- 
lished. In the early experiments of Tolmach (1) regarding 
triphosphopyridine nucleotide photoreduction, and especially 
in the more definitive experiments of Vishniac and Ochoa (2) 
regarding both diphosphopyridine nucleotide and TPNi photo- 
reduction, the photoreduction of pyridine nucleotides was 
demonstrated by means of coupling with enzyme systems which 
removed the reduced forms of the pyridine nucleotides as they 
were formed in the light. TPNH formation in the light by 
chloroplasts was also demonstrated by Hendley and Conn (3) 
who used a glutathione reductase system to trap the TPNH. 
Subsequently, San Pietro and Lang were successful in obtaining 
an accumulation of DPNH with illuminated chloroplasts by 
using high concentrations of DPN and chloroplasts (4), but 
addition of a spinach leaf extract containing pyridine nucleotide 
reductase’ (the enzyme catalyzing the reduction of pyridine 
nucleotides by illuminated chloroplasts) greatly stimulated the 
rate of DPNH and TPNH formation. The experiments of 
Arnon et al. (5) show that TPN is involved in the electron 
transport system in chloroplasts which affects photophosphoryla- 
tion, and that under conditions where this electron transport 
system is disrupted, a direct demonstration of TPNH formation 
could be made. 

The vast majority of experimental evidence to date favors a 
basic similarity in the photosynthetic process in both plants and 
bacteria. Accordingly, it is generally thought that the primary 
photochemical act in photosynthetic bacteria is a splitting of 
water to produce an oxidative and a reductive system. Whereas 
plants can utilize this oxidative system either to produce oxygen 
or to serve as the ultimate electron acceptor for the electron 
transport chain responsible for photophosphorylation, photo- 
synthetic bacteria cannot produce oxygen, so they must accomo- 
date the entirety of the oxidative power in cellular reactions. 


* This investigation was supported by a research grant (No. 
E-917C) from the National Institute of Allergy and Infectious 
Diseases, National Institutes of Health, United States Public 
Health Service. 

The abbreviations used are: DPN and DPNH, oxidized and 
reduced forms of diphosphopyridine nucleotide; TPN and TPNH, 
oxidized and reduced forms of triphosphopyridine nucleotide; 
FMN, flavin mononucleotide; GSH, reduced glutathione; and 
Tris, tris (hydroxymethyl)aminomethane. 

* The enzyme which catalyzes the reduction of pyridine nucleo- 
tides by illuminated chloroplasts has not been given a definite 
name. One tentative name is photosynthetic pyridine nucleotide 
reductase, but in this paper the simplified name, pyridine nucleo- 
tide reductase, will be used. 


That bacteria can utilize the oxidative system as an electron ac- 
ceptor in a photophosphorylation system has been shown in the 
case of Rhodospirillum rubrum and Chromatium (6, 7). It is 
postulated that the oxidative system can also be utilized in photo- 
synthetic bacteria to affect oxidation of organic or inorganic 
compounds contained in the bacterial cell (8), and the experi- 
ments of Chance and Smith show that under the influence of 
light, the cytochrome system of R. rubrum does become more 
oxidized (9). 

The photochemical reducing system generated by photo- 
synthetic bacteria has not been demonstrated in cell-free systems. 
Since chromatophores of both R. rubrum and Chromatium per- 
form photophosphorylation, it would be expected that they 
should be capable of reducing pyridine nucleotides as one of the 
steps in the process. To test for such a reduction, thermody- 
namically favorable enzyme systems were used to remove the 
reduced pyridine nucleotides as they were formed. Using GSH 
reductase and oxidized GSH it has been possible to demonstrate 
the photoreduction of TPN by chromatophores of R. rubrum. 
Using a system of pyruvate and lactic dehydrogenase, a possible 
slow formation of DPNH in the light was demonstrated, but no 
significance could be attached to the smal! values obtained. 


R. rubrum cells were grown and harvested as described pre- 
viously (10). Cell-free extracts were prepared either by sonic 
oscillation (about 10 gm. wet weight of washed cells in 50 ml. 
of 0.05 u phosphate buffer, pH 7.0) with a 10 KC Raytheon 
magnetostriction oscillator, or by rupturing frozen cells with a 
Hughes press. For the latter procedure, approximately 10 gm. 
wet weight of washed cells were added to 5 ml. of 0.05 M phos- 
phate buffer pH 7.0, to make a thick slurry, which was frozen 
in the chamber of the Hughes press. Following rupture, the 
viscous extract was diluted to 50 ml. with more phosphate buffer. 
Chromatophores were obtained in either case by collecting the 
particles which sedimented in the centrifugal range of 4,000 to 
20,000 X 9 and suspending the particles in 0.05 M phosphate 
buffer, pH 7.0. 
by joining a length of glass tubing to the side arm, thus resulting 
in two parallel tubes joined through the glass joint of the Thun- 
berg tube. When the reagents were mixed, the modified Thun- 
berg tubes were made anaerobic by means of four evacuations 
and alternate flushing with nitrogen gas. Following this the 
contents of the tubes were shaken around the interior of the 
apparatus in order to insure uniformity of composition, and the 
reaction mixture divided into approximately equal portions 
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between the two joined tubes. One tube was then covered with 
aluminum foil to provide the dark control, and the system was 
exposed to light from a tungsten lamp at approximately 2000 
foot candles in a water bath at 30° for 2 hours. After the 
exposure the contents of both the illuminated and nonilluminated 
tubes were analyzed for reaction products. Lactic acid was 
determined by the method of Barker and Summerson (11), and 
GSH was determined by the nitroprusside method of Grunert 
and Phillips (12). For the calculations of lactic acid in the 
light and dark tubes, it was assumed the original reaction mixture 
was evenly divided in the two tubes. Bacterial chlorophyll was 
determined by the method of Van Niel and Arnold (13). A 
crude preparation of GSH reductase was prepared from parsley 
according to the directions given by Hendley and Conn (3). A 
preparation of pyridine nucleotide reductase was made according 
to directions made available through the generosity of Dr. A. 
San Pietro. The procedure involved the homogenization of 
100 gm. of sugar beet leaves for 5 minutes in 130 ml. of ion-low 
water. After straining through cheesecloth and glass wool, 
10.5 ml. of Tris buffer, pH 8.0, were added to make the solution 
0.05 Mu in Tris. An acetone precipitation was performed, and 
the fraction which was precipitated between 35 and 75 per cent 
acetone by volume at —10° was collected by centrifugation, 
dissolved in 0.05 u Tris buffer, pH 8.0, and dialyzed overnight 
against Tris buffer of the same composition. 

DPN, FMN, DPNH, TPN, and alcohol dehydrogenase were 
obtained from the Sigma Chemical Co. Ascorbic acid and GSH 
were purchased from Nutritional Biochemicals Co. Oxidized 
glutathione was prepared by treating GSH (neutralized to pH 
7.0) with a slight excess of hydrogen peroxide, allowing it to 
stand overnight at room temperature, after which, excess hy- 
drogen peroxide was destroyed by the addition of a minute 
amount of crystalline catalase. The crystalline lactic dehydroge- 
nase used in these experiments was a gift from Dr. A. Swensen, 
and the phenazine methosulfate was a gift from Dr. J. W. New- 
ton, for which the author is most grateful. Antimycin A was 
purchased from the Wisconsin Alumni Research Foundation. 
All other compounds were commercial compounds. Optical 
measurements were made with a Beckman model DU spectro- 
photometer. 


Photoreduction of DPN—The ability of R. rubrum chromato- 
phores to photoreduce DPN was examined, and the results of 
a series of such experiments are given in Table I. Besides 
pyruvate and lactic dehydrogenase to react with any DPNH 
formed, pyridine nucleotide reductase was added to facilitate 
interaction of DPN with the photochemical reducing system. 
Ascrobic acid was also added because the results of previous 
experiments (15, 16) indicated that ascorbic acid could interact 


— — — 
there was a consistent slight excess of lactic acid in the illumi- 
nated tube. However, the data obviously do not allow any 
significance to be given the small value for the differential be- 
tween the illuminated and control systems. Deletion of as- 
corbate from the system caused no appreciable effect. 

In view of the results to be presented below on TPN photo- 
reduction, it appears likely that any DPN reduction could be 
due to endogenous TPN photoreduction, following which TPNH 
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Tant I 
DPN photoreduction coupled to lactate formation 
The reaction mixture contained, in a final volume of 2.6 ml., 
20 smoles of phosphate buffer at pH 7.2. 4 umoles of DPN, 10 
wmoles of ascorbate, 4 smoles of pyruvate, 3.6 mg. of pyridine 
nucleotide reductase, 3 mg. crystalline lactic dehydrogenase and 
chromatophores with 0.13 mg. of bacterial chlorophyll. 


No. of | Average lactate content in smoles 
| Zero ime Light | Derk Lighs-Dark 
5 0.47 0.72 0.70 0.02 
| (0.01-0.05)* 


* These values represent the range covered. 


was linked to DPNH formation by transhydrogenase contained 
either in the bacterial preparation or in the pyridine nucleotide 
reductase preparation. Therefore, DPN does not appear to 
be involved in the photoreductive reactions of the organism. 

Photoreduction of TPN—The possibility that a photoreduc- 
tion of TPN could be effected by cell-free extracts or chromato- 
phores of N. rubrum was tested by using oxidized GSH and GSH 
reductase to trap any TPNH formed. Using this system in 
conjunction with pyridine nucleotide reductase, it was possible 
to demonstrate TPNH formation by chromatophores of R. 
rubrum in terms of formation of GSH from oxidized glutathione, 
as shown in Table II. 

The effect of ascorbic acid was tested, and the presence of 
ascorbate markedly decreased the differential between the 
illuminated and nonilluminated systems. Accordingly, the 
component study was performed in the absence of ascorbate, 
and the reaction was shown to require TPN, oxidized GSH, GSH 
reductase, pyridine nucleotide reductase and chromatophores. 
The chromatophores were rather resistant to destruction by 
heating as far as this activity was concerned, since placing the 
chromatophores in a boiling water bath for 2 minutes only 
partially destroyed the activity. In order to test the accuracy 
of the determination, and also to show that the differential 
between the illuminated and nonilluminated tubes was a reflec- 
tion of GSH formation (and not a differential destruction of GSH 
already present), one set of tubes was analyzed for GSH with 
no illumination period. This shows that GSH was formed as a 
function of illumination. 

It is assumed that the bacterial chromatophores produce 
photochemically both an oxidizing system and a reducing sys- 
tem. Granting this assumption, if the reducing system goes to 
reduce TPN, the oxidizing system must carry out an equivalent 
oxidation of some other compound. It was for this reason that 
ascorbic acid was first added to the system, yet it inhibited TPN 
photoreduction. This effect on the TPN system was probably 
due to interaction with GSH via dehydroascorbic acid reductase 
contained in the preparation. Therefore, it would appear that 
some substance contained in the chromatophore preparation 
was being oxidized, and it was thought that addition of some 
hydrogen donor other than ascorbate might stimulate the 
coupled photoreduction reaction by satisfying the oxidizing 
system. Accordingly, several likely hydrogen donors were tested 
in this reaction, with the results given in Table III. None of 
the compounds tested was able to stimulate the reaction. In- 
deed, without exception they served only to inhibit the formation 
of GSH in the system. DPNH (plus a generating system of 
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II 
Component study for photoreduction of TPN by 
Rhodospirillum rubrum chromatophores* 

The experimental system contained 20 ymoles phosphate buffer 
at pH 7.2, 0.60 umole of TPN, 40 moles of oxidized GSH, 4 mg. of 
GSH reductase, 4 mg. of pyridine nucleotide reductase and 
Rhodospirillum rubrum chromatophores with chlorophyll content 
as designated in a final volume of 3.2 ml. The exposure time was 
2 hours. For the heated enzyme preparations, a 2 minute period 
in a boiling water bath was used, except for the chromatophore 


preparation as indicated. 
smoles of GSH present 
Conditions 
Light Dark Light-dark 
Experiment 1 
0.24 mg. of chlorophyll, | 
complete system 2.38 150 0.82 
Add ascorbate (20 umoles).. 1.25 1.08 0.17 
Experiment 2 
Complett system, 0.20 mg. 
of chlorophyll............ 1.81 0.85 0.96 
Minus TPN................ 0.30 0.33 # -0.03 
Minus oxidized GSH. 0.13 02 -0.07 
Heated chromatophores (2 | 
1.12 0.55 | 0.57 
Heated (30 
Z 0.46 0.32 0.14 
Heated GSH reductase... 0.48 0.53 —0.05 
Heated pyridine nucleotide | 
! 0.68 0.72 — 0.04 
Experiment 3 
Complete system, zero time | 
0.14 mg. of chlorophyll...| 0.25 0.24% | 0.01 
Complete system, after 2 
hour illumination 1.17 0.61 0.5% 


* Chromatophores prepared from cells of a photosynthetic bac- 
terium isolated from Utah Lake which resembles Rhodopseudo- 
monas spheroides, will also catalyze the photoreduction of TPN 
in the system described in this table. In extending the experi- 
ments described in this table, however, it became apparent that 
different chromatophore preparations from both R. rubrum and 
the cells resembling R. spheroides varied widely in their ability to 
catalyze the reaction. Some &. rubrum preparations produced 
little photoreduction of TPN, and some active preparations did 
not require the presence of pyridine nucleotide reductase for maxi- 
mal activity. Similar erratic results have been obtained by Dr. 
Alice L. Tuttle and Dr. H. Gest at Western Reserve University, 
in comparable experiments with N. rubrum chromatophores (per- 
sonal communication). Accordingly, it would appear that more 
attention must be paid to the method of chromatophore prepara- 
tion and history, and a study is now being conducted to determine 
what ‘actors affect the ability of chromatophores to catalyze this 
reaction. 


alcohol and alcohol dehydrogenase) was tested as a possible 
hydrogen donor to react with the photochemical oxidizing sys- 
tem, but apparently there was sufficient transhydrogenase in the 
reaction mixture to couple the DPNH formed with TPN, thus 
allowing extensive production of GSH with no differential as a 
function of illumination. 

The fact that all the hydrogen donors tested not only failed to 
stimulate GSH formation in the light but, on the contrary, served 
to inhibit the light reaction was surprising. Although there is 
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Taste III 
Effect of various reducing agents and inhibitors upon TPN 
photoreduction by Rhodospirillum rubrum chromatophores 
The composition of the reaction mixture was identical to that 
given for Table II, with chromatophores equal to 0.21 mg. of 


chlorophyll present. The exposure time was 2 hours. 
smoles GSH present 
Light Dar Light-Dark 
Hydrogen donors | 
Experiment 1 

. | 1.64 0.62 1.02 
Ferrocyanide _ 10 0.27 0.22 0.05 
Hydroquinone 10 02 0.27 
DPNH (plus a gen- | 

erating system of | 

alcohol and alco- | | 

hol dehydrogen- | | 

Experiment 2 
1.86 121 0.62 
Pyrogallol.. 10 150 1 30 0.20 
Epinephrin 10 10 1.45 0.05 
p-Phenylenedi- | | 

amine 1.01 09 O11 

Inhibitors | 

Experiment 3 
D * 1.04 0.38 0.66 
Sodium Amytal 0.73 0.47 0.26 
Antimycin K 0.2 0.99 0.98 | 0.01 


no evidence available concerning the mechanism of such in- 
hibition, it would appear likely that the compounds tested 
either facilitate recombination of the photochemical oxidizing and 
reducing systems, or in their oxidized form they compete with 
GSH reductase for TPNH formed, or they could inhibit the 
pyridine nucleotide reductase. 

The effect of two inhibitors known to inhibit electron trans- 
port via the classical mammalian electron transport system 
was tested, in the hope that it might be possible to inhibit re. 
combination of the oxidative and reductive systems, and thus 
enhance the formation of GSH in the system. However, as 
shown in Table III, both antimycin A and Amytal acted other 
than expected, and served to decrease the amount of GSH formed 
as a function of illumination. Antimycin A completely erased 
the photoreduction effect. Again the mode of action of these 
inhibitors is unknown. In the nonilluminated systems the 
content of GSH was greater with the inhibitors present. From 
these meager data it would appear that these inhibitors might 
inhibit the transfer of electrons from the chromatophore to 
TPN via the pyridine nucleotide reductase. 

Compounds known to stimulate photophosphorylation either 
by chloroplasts (5) or chromatophores of Chromatium (7) were 
added to the standard system to determine their effect upon the 
photoreduction of TPN. As shown in Table IV, both FMN 
and menadione failed to stimulate this reaction, but instead 
decreased the total GSH formed and also erased the differential 
between the illuminated and nonilluminated systems. This 
reaction was not unexpected, since if these compounds do facili- 
tate interaction of the oxidizing and reducing systems produced 
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Taste IV 
Effect of compounds known to stimulate } 
the rate of TPN photoreduction by cell-free extract or 
chromatophores of Rhodospirillum rubrum 
Experimental conditions were identical to those given in Table 
II. A Hughes press extract or chromatophores were utilized as 
indicated. The exposure time was 2 hours. 


upon 
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| pmoles GSH present 
Substance added Photosyathetic material 
| | ‘Light | Dark | Dee 4 
Experiment 1 | 
None Extract with 0.14 2.88 2.36 0.52 
mg. chlorophyll | | 
0.1 mole FMN Extract with 0.14 1.36 1.36 0 
mg. chlorophyll | | 
0.1 smole menadi- | Extract with 0.14 1 % 0.04 
one mg. chlorophyll | | | 
2 ymoles DPN Extract with 0.14 2.67 2.46 90.24 
m chlorophyll | | | 
Experiment 2 | 
None Extract with 0.21 2.34 — 0.89 
mg. chlorophyll | | 
0.2 pmole phena- Extract with 021 1.78 142 0.36 
zine methosul- mg. chlorophyll | | | 
fate | | 
Experiment 3 | | 
None Chromatophores 1.76 1.01 0.75 
with 0.080 mg. 
chlorophyll | 
0.2 molle phena- Chromatophores 0.75 | 0. * 0.18 
zine §=methosul- with 0.080 mg. | 
fate chlorophyll | | 


—— — U— 


photochemically, they would be expected to decrease the pro- 
duction of TPNH in the light. 

One of the compounds which markedly stimulates photo- 
phosphorylation with bacterial chromatophores is phenazine 
methosulfate (7). Addition of this compound to the system 


designed to measure photoreduction of TPN resulted in an 
inhibition of GSH formation in the light, both with the cell- 


the back reaction of the oxidizing and reducing systems produced 
by the chromatophores, it would be expected to inhibit the 
net isolation of the reducing system by means of TPN and the 
GSH reductase system. 


From the evidence cited above, it seems safe to say that the 
photochemical reducing system described in these experiments 
reacts preferentially with TPN. However, this may be a re- 
flection of the pyridine nucleotide reductase added to the system 
to catalyze the reduction of pyridine nucleotides by the reducing 
system. Since the pyridine nucleotide reductase was prepared 
from sugar beet leaves, the specificity for TPN may be due to 
the nucleotide specificity of the plant enzyme. Substitution of a 
bacterial pyridine nucleotide reductase for the plant enzyme 
would clarify this point. It is possible to say, however, that 
the bacterial chromatophores can produce a reducing system of 
potential low enough to allow reduction of pyridine nucleotides. 
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Although its presence has not been shown, it is likely that photo- 
synthetic bacteria do contain pyridine nucleotide reductase, 
and demonstration of this enzyme in bacteria would show the 
photochemical reducing systems produced in both plant and 
bacterial photosyntheses to be the same. 

The photoreduction of TPN reported here is a slow reaction 
compared to other photoreactions of R. rubrum (15). If the 
present reasoning concerning the photosynthetic process in 
bacteria is correct, a stimulation of the rate could best be made 
by hindering or preventing the back reaction of the reducing 
and oxidizing systems, whether such a back reaction proceeded 
through the electron transport system involved in photophos- 
phorylation, or whether the back reaction occurred by more 
devious routes and involved oxidation reduction reactions in the 
cytoplasm of the cell. Amytal and antimycin A, two potent 
inhibitors of the electron transport system involved in oxida- 
tive phosphorylation, were tested in the hope that they could 
prevent the back reaction, but instead of increasing the rate 
of TPNH formation in the light, they acted in the reverse 
manner. Also, hydrogen donors which could react with the 
oxidative system should serve to increase the net production of 
the reducing power, but of the compounds tested, none served to 
stimulate the coupled reduction of TPN. Again, FMN, mena- 
dione and phenazine methosulfate, all of which stimulate photo- 
phosphorylation either in plants or bacteria, were all inhibitory 
in their action in the present case. Accordingly, other com- 
pounds must be found to perform the function of disrupting the 
system, thus allowing one to siphon off the reducing power more 
efficiently. The availability of such compounds would also 
open the oxidative system for more careful study, and hence 
would be of extreme value in studying the photochemical metab- 
olism of the photosynthetic bacteria. 


SUMMARY 


1. In experiments designed to show a photoreduction of 
diphosphopyridine nucleotide by chromatophores of Rhodospiril- 
lum rubrum, as demonstrated by coupling reduced diphospho- 
pyridine nucleotide formation with pyruvate reduction via 
lactic dehydrogenase, no significant photoreduction of diphos- 
phopyridine nucleotide was observed. 

2. A photoreduction of triphosphopyride nucleotide catalyzed 
by both cell-free extracts and chromatophores of Rhodospirillum 
rubrum under anaerobic conditions, was demonstrated by 
coupling reduced triphosphopyridine nucleotide formation to the 
reduction of oxidized glutathione by glutathione reductase. 
In addition to glutathione and glutathione reductase, the reac- 
tion required pyridine nucleotide reductase. Maximal rates 
were obtained with chromatophores, which were capable of 
forming 4.9 wmoles of glutathione per mg. of chlorophyll in a 2 
hour period. The preferential reduction of triphosphopyridine 
nucleotide could reflect a specificity for triphosphopyridine 
nucleotide by the plant pyridine nucleotide reductase used in 
these experiments. 

3. Addition of the following compounds served to inhibit the 
photoreduction of triphosphopyridine nucleotide: ferrocyanide, 
hydroquinone, pyrogallol, epinephrin, p-phenylenediamine, 
sodium Amytal, antimycin A, flavin mononucleotide, menadione, 
and phenazine methosulfate. 
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Inhibition of Reduced Diphosphopyridine Nucleotide Oxidase 
Activity of Rhodospirillum rubrum Chromatophores 
upon Illumination 


Frep G. Waite anv Leo P. ON 
From the Chemistry Department, Brigham Young University, Provo, Utah 
(Received for publication, January 13, 1958) 


oxidative system produced by illuminated Rhodospirillum rubrum 
chromatophores can accept electrons (or hydrogens) from the 
photochemical reducing system through an electron transfer 
system contained in the chromatophore. By this means phos- 
phate can be esterified to form ATP. just as when oxygen ac- 
cepts electrons from substrates via the classical electron trans- 
port system operative in oxidative phosphorylation (1). 
However, in the case of photophosphorylation, there is no added 
substrate involved in the reaction. Another possibility for the 
oxidative system involves its substitution for molecular oxygen 
as the terminal electron acceptor for substrate oxidations per- 
formed within the cell (2). This would be especially useful to a 
perimental evidence cited for involvement of the photochemical 
oxidizing system in cellular oxidations is the apparent competi- 
tion between oxygen and light, since illumination results in a 
decrease in oxygen uptake in the case of respiring R. rubrum cells 
(2, 3). Also, the spectrophotometric experiments of Chance 
and Smith show that the cytochrome compounds in R. rubrum 
become more oxidized when the cells are illuminated (4). 
Although the inhibition of oxygen uptake upon illumination 
of R. rubrum cells can be explained in terms of competition be- 
tween oxygen and photochemical oxidizing power for oxidizable 
substrate, this is not the only plausible explanation for the 
phenomenon. Thus, Stoppani et al. (5) offered an explanation 
which assumed involvement of lipoic acid in the light reactions 
of photosynthesis by Rhodopseudomonas capsulatus, thereby lim- 
iting the amount of the oxidized form of lipoic acid available for 
regular oxidative reactions. 

The inhibitory effect of light upon oxygen uptake by R. rubrum 
cells could in part be due to the ability of this organism to per- 


* This investigation was supported by a research grant (No. 
E-917C) from the National Institute of Allergy and Infectious 
Diseases, National Institutes of Health, United States Public 
Health Service, and by a research grant from the Brigham Young 
University, Provo, Utah. 

The abbreviations used are: DPN and DPNH, the oxidized 
and reduced forms of diphosphopyridine nucleotide; FMN, flavin 
mononucleotide; FAD, flavin adenine dinucleotide; DPIP, 2,6- 

; ADP, GDP, IDP, UDP, and CDP, the 


form photophosphorylation. It has been established that in the 
case of mammalian mitochondria capable of performing oxida- 
tive phosphorylation, oxidation of DPNH (and consequently 
substrate compounds in the case of a whole cell) does not proceed 
in the absence of phosphate acceptprs such as ADP (6). This 
reflects the tightness of coupling between the oxidative and phos- 
phorylative processes. If the same condition obtained in the 
case of chromatophores of R. rubrum, one could expect the proc- 
ess of photophosphorylation to lower the concentration of phos- 
phate acceptors, and thus decrease the rate of oxidation of 
DPNH by molecular oxygen. On the other hand, if the inhibi- 
tion of oxygen uptake of whole cells by light were due to compe- 
tition between oxygen and light for oxidizable substrate in the 
cell, light should have either no effect upon the rate of DPNH 
oxidation by isolated chromatophores, or should even stimulate 
the reaction. With this in mind, chromatophores of R. rubrum 
have been prepared and the effect of light upon the DPNH oxi- 
dase activity of these chromatophores has been investigated. It 
has been shown that there was a marked decrease in DPNH ox- 
idase activity when R. rubrum chromatophores were illuminated. 
However, this inhibition could not be overcome by addition of 
phosphate acceptors, and it appeared that the major effect of il- 
lumination was the destruction of some component of the DPNH 
oxidase system itself, most likely at the flavin level. 


R. rubrum cells were grown and harvested as described previ- 
ously (7). Cell-free extracts were prepared either by sonic oscil- 
lation or by means of a Hughes press, as described in the previ- 
ous paper of this series (8). The experimental procedure 
involved the preparation of two systems containing 10 umoles 
of phosphate buffer, pH 7, and 0.05 ml. of a preparation of R. 
rubrum chromatophores in a final volume of 0.9 ml., using 1 ml. 
absorption cells. One of these cells was then covered with 
aluminum foil, and both cells were immersed in a beaker of wa- 
ter at 28° and illuminated with light of about 6000 foot candles 
which was filtered through water to depress the heating effect. 
After a 5 minute illumination period, 0.1 ml. of 0.002 M DPNH 
was added to each cell and the change in optical density at 340 
my was determined. For the optical density measurements, a 
blank with the same composition, with the exception of DPNH, 
was used to balance the spectrophotometer. 

All of the nucleotides used in this investigation were purchased 
from the Sigma Chemical Co., as were the horse heart cyto- 
chrome c, DPN, and DPNH. The R. rubrum cytochrome c was 
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The photosynthetic process in bacteria is intimately connected 
with the ordinary respiratory habits of the bacteria cell. The 
METHODS 
5’-diphosphates respectively of adenosine, guanosine, inosine, 
uridine, and cytidine; ATP, GTP, ITP, UTP, and CTP, the 5’- 
triphosphates respectively of adenosine, guanosine, inosine, 
uridine, and cytidine. 
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a gift from Dr. R. Bartsch, to whom the authors are most grate- 
ful. The pig heart DPNH-cytochrome c reductase was pre- 
pared according to the procedure of Mahler et al. (9). All other 
compounds used were compounds commercially available. 


During the early experiments designed to show an effect of 
light upon the rate of DPNH oxidation by either cell-free ex- 
tracts or chromatophores of R. rubrum, the experiments were 
performed with the absorption cells exposed to the light after 
the addition of DPNH. However, it soon became apparent that 
the inhibition of DPNH oxidation by light persisted after the 
reaction mixture was removed from the light. For a period of 
3 hours following illumination, the inhibition was still present. 
Also, the maximum amount of inhibition was produced after 5 
minutes of illumination at 6000 foot candles. Accordingly, the 
experimental procedure as outlined in “Methods” was used, 
where DPNH was added following illumination. Fig. I presents 
data on the rate of DPNH oxidation by illuminated and non- 
illuminated chromatophores of R. rubrum, showing the marked 
inhibition that is present in the mixture with illuminated chro- 
matophores. In order to test for the formation of an inhibitor 
during illumination, a typical reaction mixture was illuminated, 
after which the chromatophores were removed by centrifugation, 
and fresh, nonilluminated chromatophores added to the system. 
From Curve C in Fig. 1, it is seen that the rate of DPNH oxida- 
tion in this system was as fast as the normal, nonilluminated 
control, which shows that there was no inhibitor produced in 
the medium outside the chromatophores during illumination. 

In order to test the nature of the light-imposed inhibition on 
DPNH oxidation, various nucleoside diphosphates and nucle- 
oside triphosphates were added to the reaction mixture. If the 
illumination caused photophosphorylation to proceed, thus de- 


OPTICAL DENSITY, 340 MU 


TIME IN MINUTES 

Fic. I. DPHN oxidase activity of illuminated and nonil- 
luminated R. rubrum chromatophores. The standard assay 
system described in Methods“ was used, with chromatophores 
equal to 1.24 mg. of protein and 0.016 mg. of chlorophyll. The 
reaction was started by addition of DPNH. Curve A and B 
represent an illuminated and nonilluminated system, respectively, 
whereas Curve ( represents the activity in a system exposed to 
light and centrifuged to remove the exposed chromatophores, 
after which fresh chromatophores were added. 
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creasing the level of phosphate acceptor for the process of oxida- 
tive phosphorylation, addition of nucleoside diphosphates should 
allow phosphorylation and the accompanying oxidation to take 
place at the normal rate. The possible phosphate acceptors 
examined in this regard were ADP, GDP, UDP, CDP, and IDP. 
Addition of these compounds to the illuminated system gave only 
a slight stimulation, and also caused a slight stimulation of the 
nonilluminated control. In no case was there appreciable res- 
toration of the DPNH oxidase activity of the illuminated chro- 
matophores, therefore, it appears that the inhibition caused by 
illumination could not be due to a depletion of phosphate ac- 
ceptors via photophosphorylation. Addition of ATP, GTP, 
UTP, CTP and ITP had no effect on the illuminated system 
and uniformly inhibited the nonilluminated system by about 20 
per cent. 

Since nucleoside diphosphates were not effective in removing 
the light-produced inhibition, the effect of various substances 
involved in the transport of electrons from DPNH to oxygen 
was investigated, with the results given in Table I. The effect 
of KCN was also investigated, to determine the portion of the 
oxidation proceeding through a cytochrome oxidase type oxida- 
tion. Of the compounds tested, DPIP was most effective in 
overcoming the light-induced inhibition. Addition of this com- 
pound increased the activity of the illuminated system almost 
to the level of the nonilluminated. NR. rubrum cytochrome e 
markedly stimulated both the illuminated and nonilluminated 
systems, influencing both to about the same extent. Mam- 
malian cytochrome c produced a slight stimulation of the illumi- 
nated system. Both FAD and FMN stimulated the illuminated 


Taste I 
Effect of addition of various substances involved in electron transport 
upon DPNH oxidase activity of illuminated and non 
illuminated Rhodospirillum rubrum chromatophores 

Conditions were as given in Methods. In the case of FAD 
and FMN, these substances were added to the reaction mixtures 
after illumination, and there was a 30 minute incubation period 
before addition of DPNH. For these experiments the reaction 
mixtures contained 0.57 mg. of protein and 0.010 mg. of chloro- 
phyll. The nonilluminated control for Experiment 1 gave an 
optical density change at 340 my of 0.160 for the first 5 minutes 
after DNPH oxidation, whereas the corresponding value for Ex- 
periment 2 was 0.170. 


Per cent activity 
Substance added moles added 
Iiluminated | 
% % 
Experiment 1 
45 100 
R. Rubrum eytochrome c. 0.006 SS 19s 
Horse heart 0.00 6d 906 
DPIP . 00 | | 106 
1 | 27 
Experiment 2 | | 
None 17 100 
FAD... 0.01 685 | 115 
FMN....... 0.01 | | 136 
Vitamin K 0.01 
Boiled liver extract . Ss £100 
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systems, with FMN being superior in this regard. Boiled liver 
extract was also effective in overcoming the inhibition, and the 
nature of this activation is being investigated. Cyanide inhib- 
ited the illuminated and nonilluminated systems to about the 
same extent. 

The data cited above indicate that a primary effect of light 
was the destruction of some component of the electron transport 
system concerned with DPNH oxidation. From the nature of 
the stimulation by FMN, DPIP and R. rubrum cytochrome c, 
it would appear that the locus of the inhibition involves the 
transport of electrons from DPNH to cytochrome. One possi- 
bility for such an inhibition would be the photooxidation of some 
essential component of the electron transport system, most 
probably at the flavin level. To test for this possibility, a series 
of experiments were performed in which the reaction mixtures 
were anaerobic for the illumination period, and the DPNH 
oxidase activity determined as usual in the presence of air. Af- 
ter this, the same reaction mixture was exposed to light again 
under aerobic conditions, and the DPNH oxidase activity was 
again determined. In addition, the DPNH-cytochrome c re- 
ductase, diaphorase, and cytochrome oxidase activities were 
determined on the same reaction mixtures, with the results 
given in Table II. For a control, a soluble preparation of 
DPNH-cytochrome c reductase prepared from pig heart (9) was 
tested for light-inhibition of the activity of both reductase and 
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diaphorase. From the data given it is apparent that removal 
of oxygen also removed the majority of the light-induced inhibi- 
tion of the DPNH oxidase, the DPNH-cytochrome c reductase, 
and the diaphorase activity of the R. rubrum chromatophores 
used in these experiments. Allowing the illumination to take 
place in the presence of oxygen caused a similar inhibition of 
these three activities. However, the activity of cytochrome 
oxidase (tested with R. rubrum cytochrome c) was not affected 
by illumination, even in the presence of oxygen. This informa- 
tion localized the effect of light on the enzymes involved in the 
transfer of electrons from DPNH to cytochromes in the DPNH 
oxidase system, and the nature of the inhibition would seem to 
be a photooxidation of some essential component, probably 
flavin. 

The lack of an extensive inhibition with a soluble preparation 
of DPNH-cytochrome c reductase from pig heart would reserve 
the inhibition to the DPNH oxidase system contained in the 
chromatophore, and raises the possibility that the inhibition 
was a photooxidation catalyzed by the bacterial chlorophyll on 
the particle, since photooxidations catalyzed by chlorophyll are 
well known (10, 11). The possibility of chlorophyll involvement 
is supported by the fact that cell-free extracts which have had 
the chromatophores removed by centrifugation possess good 
DPNH oxidase activity which cannot be decreased upon illumi- 
nation. The light-induced inhibition was only observed with 


II 
Effect of light upon DPNH oxidase, DPN H-cytochrome e reductase, diaphorase, and cytochrome c oridase activities 
of Rhodospirillum rubrum chromatophores under aerobic and anaerobic conditions 

For the anaerobic experiments, the reaction mixture was prepared in the same proportions in a final volume of 2.7 ml., which was 
placed in Thunberg tubes and made anaerobic by five alternate evacuations and flushings with nitrogen gas. The illumination was 
made under these anaerobic conditions, following which the reaction mixtures were opened to the air and shaken briefly before addi- 
tion of DPNH or other substrate. After the initial illumination in the absence of air, a second illumination of the same system under 
aerobic conditions was performed, and the same activities again determined. For these experiments, the nonilluminated control 
under anaerobic conditions was taken as 100 per cent activity. For the experiments with only aerobic conditions, the nonilluminated 
control was taken as 100 per cent activity. For the determinations of DPNH-cytochrome c reductase activity, 0.05 wmoles of horse 
heart cytochrome ¢ was added to the reaction mixture; for diaphorase activity, 0.05 smoles of DPIP was added; and for the determina- 
tion of cytochrome oxidase activity, 0.05 wmole of reduced N. rubrum cytochrome e was added, and DPNH was omitted. The values 
given in parentheses are the optical density changes at the wave length designated for a 3 minute period, and for R. rubrum chromato- 
phores the values are calculated for a total volume of | ml. with chromatophores equal to 1.12 mg. of protein and 0.013 mg. of chloro- 


phyll. 


| Activity relative to 
nonillumina ted control 
Activity determined How determined Conditions the: 
Illumina tive Nonilluminative 
DPNH oxidase __. Optical density decrease, 340 ma Anaerobic, 06 100 (0. 164) 
aerobic 55 101 
DPNH-cytochrome c reductase | Optical density increase, 550 my | Anaerobic, 97 100 (1.60) 
| aerobic 67 107 
Diaphorase _. | Optical density decrease, 500 my anaerobic, 102 100 (2.58) 
| aerobic 
Cytochrome oxidase. | Optical density decrease, 550 my aerobic ON 100 O 
Diaphorase, using a preparation of pig heart | | 
DPNH-cytochrome e reductase | Optical density decrease, 500 my aerobic 93 100 (0.815) 
DPNH-cytochrome ¢ reductase using prepara. 
Optical density increase, 50 me aerobic 93 100 (0.318) 


tion of pig heart 
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DPNH OXIDASE INHIBITION 


i A 4 A A 


2 4 6 8 
THOUSAND FOOT CANDLES 
Fic. 2. Relation of DPNH oxidase inhibition to light in- 
tensity. The ordinate represents the optical density difference 
in 5 minutes between a nonilluminated system and an illuminated 
system. 


chromatophores. In an attempt to perform a definitive experi- 
ment on this question, the chlorophyll and accessory pigments 
were removed from a preparation of R. rubrum chromatophores 
by means of cold acetone, in order to determine whether this 
would also remove the potential for light inhibition of DPNH 
oxidase activity. However, the treatment with acetone resulted 
in a nearly complete loss of DPNH oxidase activity, so this type 
of experiment could not be done. 

The relationship between light intensity and the extent of in- 
hibition of DPNH oxidase activity was determined, yielding 

the light saturation curve shown in Fig. 2. Saturation was ob- 
tained above 6000 foot candles. This saturation is not much 
different from the light saturation of typical photosynthetic 
processes (10), and would signify that the inhibition is related 
to the photosynthetic process, since a simple photooxidation by 
a chlorophyll pigment would not be expected to saturate in such 
a manner. Cell-free extracts of R. rubrum have been shown to 
catalyze a photooxidation of reduced mammalian cytochrome e 
(12), which reaction also requires oxygen; however, with this 


Taste III 
Effect of inhibitors upon DPNH oxidase activity of illuminated and 
nonilluminated Rhodospirillum rubrum chromatophores 
The experimental conditions were the same as given in Table I. 


Inhibition 
Substance added umoles added 
Mluminated | Nonillu: 
% 
Phenylmercuric acetate........ 1 100 100 
p-Chloromercuric benzoate ..... 0.5 100 100 
. 10 60 61 
Ethylenediaminetetraacetate 1 24 28 
ee 4 34 45 
Iodoacet ate 10 14 1 
2,4-Dinitrophenol.............. 0.1 26 21 
10 15 22 
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photochemical reaction, light saturation was obtained at 500 
foot candles. 


The effect of pH on the inhibition was examined. The opti- 
mum DPNH oxidase activity for both the illuminated and non- 
illuminated systems occurred from pH 6.5 to7.5. The maximum 
differential was around pH 7. 

The effect of various inhibitors upon DPNH oxidase activity 
of illuminated and nonilluminated chromatophores is shown in 
Table III. The results are reported in percentage of inhibition 
when compared to either the illuminated or nonilluminated con- 
trol with no additions, and they show that substances known to 
react with sulfhydryl groups are very potent inhibitors, followed 
in potency by cyanide and pyrophosphate. In no case was it 
possible to separate the residual DPNH oxidase activity left 
after illumination from the original activity in nonilluminated 
controls by means of inhibitors, since all of the inhibitors exam- 
ined seemed to act to almost the same extent on both systems. 

A few preliminary experiments were performed in which the 
intensity of illumination was much lower than that used in the 
experiments cited above. Under the influence of light at 800 
foot candles, only slight inhibition of the DPNH oxidase activity 
was apparent after 5 minutes of illumination. However, if the 
illumination was continued for a period of 40 minutes, it was 
possible to demonstrate a marked decrease in the rate of DPNH 
oxidation in the illuminated system. On the assumption that 
this inhibition would more likely be due to depletion of phos- 
phate acceptor resulting from lation than in the 

previous experiments, the effect of the addition of nucleoside 
— 
However, it was not possible to do more than partially over - 
come the light inhibition with nucleoside diphosphates, and in 
general the same results as those given above ſor high light in- 
tensity inhibition were obtained. Also, it was not possible to 
produce the inhibition of DPNH oxidation at low light intensi- 
ties when oxygen was removed from the system, even if illumi- 
nated for up to 1 hour. Thus, it was concluded that the low 
light inhibition was similar to that produced at high light inten- 
sities. 


It is not possible to evaluate the proportion of the photosyn- 
thetically produced oxidizing power that is consumed in photo- 
phosphorylation and in other cellular oxidation-reduction reac- 
tions. In the case of the photoheterotrophes, where organic 
substrates must be present for the photosynthetic process to 
proceed, the metabolic requirements could well be met if the 
major portion of the oxidizing and reducing systems were utilized 
for photophosphorylation; since the cells would then have a 
plentiful supply of energy, and need only manipulate the organic 
materials present in order to form cellular material. Inasmuch 
as the photoinhibition of DPNH oxidase activity of R. rubrum 
chromatophores is not related to metabolic activities of the 
chromatophore, but represents instead a destruction of some 
essential component of the DPNH oxidase system, the present 
experiments yield no information on this problem. 

The data cited above indicate that it is possible to disrupt the 
electron transport chain involved in aerobic oxidations by illumi- 
nation of chromatophores of R. rubrum. This probably is due 
to a photooxidation involving some essential component of the 
chain, most likely a flavin. The significance of this reaction 
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to the economy in vivo of the cell is not known, since it is possible 
that the deleterious effect of light on DPNH oxidation could 
only occur with chromatophores that have changed somewhat 
upon removal from the cellular environment. In this regard it 
may be significant that all preparations investigated have not 
shown this effect. Some chromatophores immediately upon iso- 
lation failed to show the differential DPNH oxidation, and 
such preparations had a low DPNH oxidase activity. Also, 
when preparations were obtained which demonstrated the light 
effect, the differential between the illuminated and nonillumi- 
nated systems decreased to zero upon aging, and this was always 
due to a parallel decrease in DPNH oxidase activity of the non- 
illuminated control upon aging. Thus, it would appear that a 
portion of the DPNH oxidase activity of isolated chromato- 
phores is relatively sensitive to destruction. Sistrom et al. have 
shown that when a mutant of Rhodopseudomonas spheroides 
which lacks carotenoids is exposed to the light, it will grow suc- 
cessfully anaerobically, but exposure to light and oxygen results 
in death, due to photooxidation processes (13). In view of this, 
it seems possible that in the isolated chromatophore of R. rubrum 
a slight spatial disturbance of the internal environment might 
prevent the carotenoids from performing their protective func- 
In the case of mutant strains of organisms where visible light 
produces a lethal effect, it may well be that in the mutation the 
ability to produce some protective substance is lost, and photo- 
oxidation of essential cellular substances results in death. Such 
photooxidations need not be restricted to organisms containing 
chlorophyll, since investigation of a light-susceptible mutant 
strain of yeast shows an action spectrum of inhibition that is 
very similar to the absorption spectrum of the Complex III of 
peroxidase or catalase (14). 
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1. A series of experiments were performed to see if the light- 
induced inhibition of oxygen uptake by respiring Rhodospirillum 
rubrum cells could be explained in terms of removal of phosphate 
acceptors via photophosphorylation. The experimental ap- 
proach concerned the effect of light upon reduced di 
pyridine nucleotide (DPNH) oxidase activity of isolated chro- 
matophores. 


2. Exposure of chromatophores of Rhodospirillum rubrum to 
light resulted in a decrease in the ability of the particles to 
catalyze the oxidation of DPNH. Maximum inhibition was ob- 
tained upon illumination for 5 minutes at 6000 foot candles. 
The inhibition was not due to production of a detectable inhib- 
itor. 

3. Addition of the nucleoside 


slight stimulation for both illuminated and nonilluminated par- 
ticles. Addition of the nucleoside triphosphates: adenosine-5’- 


decrease in the rate of DPNH oxidation in nonilluminated sys- 
tems, but had no appreciable effect on the illuminated systems. 
4. The light-induced inhibition of DPNH oxidase activity was 
overcome, in order of decreasing effectiveness, by 2,6-dichloro- 
phenolindophenol, flavin mononucleotide, cytochrome c, and fla- 
vin adenine dinucleotide. Illumination of chromatophores also 
resulted in loss of DPNH-cytochrome c reductase and diaphorase 
activity on the particle, but it did not affect cytochrome oxidase 
activity. Inhibition was not obtained for any of these activities 
upon illumination in the absence of air. Thus, it appears that 
the major effect of light was the photooxidative destruction of 
some essential component in the transfer of electrons from 
DPNH to cytochromes, most probably at the flavin level. 
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The Cofactor Requirements of Sarcosine Oxidase’ 
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It has been established that the enzyme, sarcosine oxidase, 
found in the mitochondria of rat liver and elsewhere (1), cata- 
lyzes the following over-all reaction (2, 3): sarcosine + 40, = 
glycine + serine + HCHO. 

The cofactor requirements of this reaction have not been 
established, although Mackenzie (1) has mentioned unpublished 
results which seemed to indicate that a folic acid deficiency in 
rats did not affect the relative amounts of serine and HCHO 
formed. Weinhouse and Friedmann (4), on the other hand, 
reported that the amount of radioformic acid formed from radio- 
methyl sarcosine and excreted in the urine was increased in folic 
acid-deficient rats. 

In the present work, the effects of a folic acid deficiency and 
of INH!" upon the sarcosine oxidase activity of rat liver mito- 
chondria were studied. 


EXPERIMENTAL 


40 albino rats of the Wistar strain, mixed male and female and 
approximately 2 weeks old, were divided by a method of random 
selection into three dietary groups: normal, deficient, and pair- 
fed. The composition of the complete purified diet was as fol- 
lows: Corn oil (Kraft) with vitamins A, D, and E, 10 gm.; 
sucrose, 66 gm.; casein (Nutritional Biochemical Corporation, 
vitamin-free), 18 gm.; salt mixture (Nutritional Biochemical 
Corporation), 4 gm.; and vitamin mixture, 2 gm. The vitamin 
mixture contained the following amounts of the various vitamins 
(in grams per kilo of diet unless indicated otherwise): vitamin K 
(menadione), 0.05; ascorbic acid, I; inositol, 0.11; choline chloride, 
1.65; p-aminobenzoic acid, 0.11; niacin, 0.10; riboflavin, 0.022; 
pyridoxine HCl, 0.022; thiamine HCI, 0.022; calcium pantothen- 
ate; 0.066; biotin, 0.44 mg. per kilo; vitamin Biz, 0.03 mg. per 
kilo; and folic acid, 2 mg. per kilo. Vitamin A (0.10 gm. per 
kilo of diet), Vitamin D (0.0055), and a-tocopherol (0.11) were 
suspended in the corn oil. In addition, 8 gm. of sulfasuxidine 
(succinylsulfathiazole) were mixed with each kilogram of diet. 
The normal group received the complete diet described above; 
the deficient group received the same diet less folic acid; and the 
pair-fed group received the complete diet, but was restricted in 
food intake to the amount consumed by the corresponding de- 
ficient animal. The animals were kept in individual cages with 
raised screen floors and, except for the pair-fed animals, were 
given food and water ad libitum. 

To estimate sarcosine oxidase activity, the rats were killed by 


* This work was supported by a grant from the National Science 
Foundation. (NSF-G 2544). 
Present address: Department of Biochemistry, State Univer- 


sity of Iowa, Iowa City, Iowa. 
The abbreviation used is: INH, isonicotinic acid hydrazide. 


exsanguination; the livers were immediately removed and chilled 
in ice, blotted dry, weighed, and homogenized with a glass 
homogenizer. The mitochondria were prepared according to the 
general method of Schneider and Hogeboom (5), as described 
by Mackenzie et al. (3). In a standard Warburg experiment, 
2 ml. of the mitochondrial suspension, equivalent to 0.5 gm. of 
rat liver, were incubated at 37° with 10 wmoles of sarcosine for 
2 hours. The buffer used was the 0.075 M potassium phosphate 
buffer, pH 7.8, described by Mackenzie (3). At the end of 2 
hours protein was precipitated with sufficient 20 per cent tri- 
chloroacetic acid to bring the fluid volume in the main compart- 
ment to 5 ml., and the supernatant solution, after centrifugation, 
was kept for the HCHO and serine determinations, which were 
carried out by the method of Frisell et al. (6). The total nitrogen 
content of the original mitochondrial suspensions was determined 
by the method of Hiller et al. (7). 

At the time of the last Warburg experiment, a post-mortem 
examination of the carcasses of the two deficient animals (10 
weeks on the deficient diet) was carried out after removal of the 
livers for the Warburg experiment. 


RESULTS AND DISCUSSION 


The average growth curves are presented in Fig. 1. Starting 
about the 4th week, animals on the deficient diet gained weight 
less rapidly than did those receiving the complete diet, and by 
the 9th or 10th week the deficient animals weighed approximately 
one-third less than did either normal or pair-fed animals, and 
they had started to lose weight. Towards the end of the experi- 
ment, the deficient animals were in a moribund state and their 
fur was yellow and rough. Upon post-mortem examination, the 
digestive tracts were found to be inflamed and the genital sys- 
tem was abnormally large, but the lungs, spleen, and heart were 
normal in size and appearance. These results are in general 
agreement with previous reports on folic acid deficiency (4, S). 
Furthermore, restoration of folic acid to the diets of two animals 
which had been on the deficient diet for 81% weeks led to a sharp 
increase in weight (also shown in Fig. 1). 

The over-all activity of sarcosine oxidase was estimated by 
measuring oxygen consumption during the incubation with sar- 
cosine, and by determining the amount of serine and HCHO 
formed. The analytical values were adjusted to correspond to a 
constant level of mitochondrial nitrogen. 

The results are presented in Table I. The data indicate a 
sharp decrease in serine formation beginning with the 6th week 
of deficiency, with a concomitant increase in formaldehyde pro- 
duction. Oxygen consumption showed no change until the Sth 
week, when it declined. The extent of the depression in serine 
synthesis is emphasized in the last column of Table I, where the 
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Fig. 1. Average growth curves 
ratios of serine to HCHO in the various experiments are given. 
Using the average value of 4.2 umoles of serine formed by the 
normal animals in the experiment as reference point, the maximal 
depression of serine synthesis was 85 per cent. Addition of folic 
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Taste I 

Effect of folic acid deficiency on sarcosine oxidase activity 

Week | Dietary group | HCHO | Serine r 7070 
pmoles pmoles atoms 

0 Normal 3.8 3.1 8.9 0.82 
6 Normal 3.3 4.4 10.1 1.35 
Pair-fed 3.5 4.5 9.7 1.29 
Deficient 5.5 2.2 9.5 0.41 
7 Normal 3.3 3.9 9.0 1.19 
Pair-fed 3.7 4.15 9.0 1.13 
Deficient 5.2 2.0 9.0 0.38 
8 Normal 3.4 5.2 9.45 1.52 
Pair-fed 3.5 4.7 9.0 1.34 
Deficient 4.1 0.96 6.1 0.23 
9 Normal 4.0 4.9 9.1 1.22 
Pair-fed 3.4 4.1 8.7 1.21 
Deficient 5.2 0.6 7.0 0.12 
10 Normal 4.25 4.9 10.5 1.15 
“Restored” 3.0 3.6 8.0 1.20 
Deficient 5.1 1.1 7.2 0.22 


10 wmoles of sarcosine were incubated aerobically for 2 hours 
in Warburg vessels with 2 ml. of rat liver mitochondria (corre- 
sponding to 0.5 gm. of tissue) in 0.075 « phosphate buffer, pH 7.8 


DiaGraM 1 
HCHO + glycine 
|e) 
sarcosine — u ‘‘dehydrosarcosine”’ tet rahydroſolie acid pyridoxal phosphate 


| 


5-CH,OH-tetrahydrofolic acid + pyridoxal-glycine (Schiff’s base) 


al 
Serine 


* It should be noted that Mackenzie’s sarcosine oxidase system (I, 3), presumably the same as that used here, will not incorporate 
HCHO into serine, in contrast to the sarcosine oxidase of Greenberg (2). 


acid to the diet of two deficient animals at the end of 8'¢ weeks 
led to the restoration of normal synthesis at 10 weeks (“restored”’ 
animals, Table I). 

It is apparent that the decline in oxygen consumption—some 


25 per cent—cannot be the sole or major cause of the decreased 


serine synthesis. In view of the fact that the decrease was not 
large and was not manifested until the Sth week, after serine 
depression had become marked, we do not regard it as being 
directly related to the folic acid deficiency, but to a secondary 
deficiency of some sort. 

It is felt that these results constitute definite evidence for the 
view that sarcosine oxidase is not a single enzyme, but rather 
that the activities which are usually attributed to this enzyme 
are in fact caused by a group of at least two, and more likely 
three, enzymes. It is further concluded that folic acid (or a 
biologically active form of this vitamin) is a cofactor only for 


that enzyme directly concerned with serine synthesis, and is 
not a cofactor for the oxidation of sarcosine. Serine synthesis 
was depressed 85 per cent in the deficient animals, whereas, at 
the same time, oxygen consumption was lowered only 25 per cent. 


Taste II 
Effect of INH on sarcosine oxidase 
Additions to Warburg Oxygen uptake HCHO Serine 
paloms pmoles wmoles 
Sarcosine, 10 smoles............ 10.5 5.2 5.1 
Sarcosine, 10 amoles, + 
pmoles INH.................. 10.5 9.2 0 
Sarcosine, 10 ymoles, + 
wmoles INH, preincubated 
with mitochondria for 30 min 10.3 9.1 0.6 
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in serine synthesis from sarcosine is given 


Serine biosynthesis in several biological systems has been in- 
tensively investigated in recent years. Through the efforts of 
many investigators, it has been established that both tetra- 


hydrofolic acid (9-16) and pyridoxal phosphate (17-25) are in- 


Several recent investigations indicate that INH has an anti- 
vitamin B, effect (26-30). The possibility that pyridoxal phos- 
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phate is involved in serine biosynthesis in our system was 
investigated by adding INH to rat liver mitochondria incubated 
with sarcosine. The results of this experiment are shown in 
Table II. Consumption of oxygen by the mitochondria was not 
affected by the presence of INH, but serine synthesis was virtu- 
ally eliminated, whereas, at the same time, HCHO formation was 
markedly enhanced. 


The levels of sarcosine oxidase activity in mitochondria pre- 
pared from the livers of normal and folic acid-deficient rats were 
compared. In the deficient animals, serine formation was re- 
duced by approximately 85 per cent, with a concomitant in- 
crease in HCHO formation, whereas oxygen consumption was 
reduced by only 25 per cent. The addition of isonicotinic acid 
hydrazide to rat liver mitochondria incubated with sarcosine had 
no effect upon oxygen consumption, but it eliminated serine 
formation and increased HCHO formation. 
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If the oxidation of sarcosine and the synthesis of serine were 
directly and inextricably linked, it would appear that both of 
SUMMARY 
condensation between the a-carbon atom of glycine, activated 
by Schiff base formation with pyridoxal phosphate, and 5- 
hydroxymethyl-5, 6, 7, S-tetrahydroſolie acid. The widespread 
utilization of this sequence of events for serine biosynthesis 
suggests that pyridoxal phosphate should also be a cofactor for 
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1. 


has recently been purified by Strittmatter and Velick (8) and 

by Garfinkel (9). The preparation of the former workers is of 
a high degree of purity and has been shown to require a specific 
enzyme in order to function as an electron acceptor for DPNH 
(10). 

In this report we wish to describe a method for the isolation 
and purification of a very similar cytochrome obtained from 
pig liver particles and to present a preliminary survey of some 
of its properties.“ The purification procedure makes use, in 
its final stages, of adsorption chromatography on hydroxylapatite 
columns as described by Tiselius et al. (11). While this paper 
was in preparation a preliminary report by Shmukler et al. 
(12) appeared. This work mentions the isolation of cytochrome 
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be from liver mitochondria by means of calcium phosphate 


All optical measurements were made in a Beckman model 
DU spectrophotometer equipped with a photomultiplier and 
calibrated against a mercury arc. For anaerobic experiments 
the cuvettes and the methodology of Velick and Strittmatter 
(13) were used. Traces of oxygen in the nitrogen used were 
absorbed either by passage over metallic copper at elevated 
temperatures, or in alkaline pyrogallol, or both. The hydroxyl- 
apatite used was prepared according to the directions of Tiselius 
et al. (11); the chromatographic techniques employed have also 
already been described by these authors. Significant deviations 
are described in the text. Pyridine and cyanide hemochromes 
were prepared according to the directions of Drabkin (14). 
The acetone-hydrochlorie acid derivative of the ferriporphyrin 
was obtained by the method of Lewis (15). Iron analyses were 
performed by the procedure of Sandell (16). Rodent livers 
were fractionated and the mitochondria and microsomes were 
isolated according to Hogeboom (17). DPNH (290 per cent 
purity), cytochrome c, and Tris were obtained from Sigma 
Chemical Company. The Versene brand of ethylenediaminete- 
traacetic acid, disodium salt, was used. The dithionite used was 
a Merck, Darmstadt, product, as was the o-phenanthroline. 


RESULTS AND DISCUSSION | 


Purificati 
General Principles—The present investigation had its incep- 
tion with the observation that a mixture of hemoproteins can 
be extracted from pig liver particles by the method of Mahler 
et al. (18), and that some of these hemoproteins are reducible 
by DPNH, with a difference spectrum (Areduced — Aoxidised) 
maximum in the Soret region of 424 my. It was soon found 
that the hemoproteins were concentrated in an ammonium 
sulfate fraction above 70 per cent of saturation, and that the 
method of chromatography on calcium phosphate gel (hydrox- 
ylapatite), described by Tiselius et al. (11), could be employed 
for further separation and purification. The method described 
below and summarised in Table I makes use of these preliminary 
observations and has been carried through successfully and 
reproducibly with over 10 preparations. Unless otherwise 
indicated all steps are carried out at a temperature of 44“. 
All reagents used were made up in water that was first deionised 


and then glass-distilled. 


A cytochrome with an a-peak in the reduced state at 556 to .: Ä ͤm̃ N.. : 
558 mu was first identified spectroscopically in insect material chromatography. : 
by Keilin (1) and by Sanborn and Williams (2). This cyto- | 
chrome is highly concentrated in the mid-gut of cecropia larvae MATERIALS AND METHODS 
and has been called cytochrome b by Chance and Williams 
(3). A very similar cytochrome had also been identified in 
mammalian liver by Keilin and Hartree (4) and by Yoshikawa 
(5), who designated it as cytochrome bi and showed it to be ! 
associated with particulate matter. Strittmatter and Ball (6) 
have demonstrated that this pigment (which they called cyto- | 
chrome m) was the main hemoprotein constituent of liver micro- 3 
somes. These authors and, independently, Kun (7), presented 
evidence that this cytochrome formed part of an active DPN H'- 
nidizing svsterm i ytochrome from rabbit liver microsomes 
' 2 
Este, Uruguay, April 1957, and at the Meeting of the Brasilian : 
Association for the Advancement of Science, Rio de Janeiro, 
Brazil, June 1957. 


I 
Purification of cytochrome 
Fraction Total protein | Amount of, 4 Ratio of 
mg. umoles 
Alcohol extract.......... 13, 600 127 0.027 
Ammonium sulfate....... 1,280 57 0.185 
First chromatography... . 75 0.6 0.52 
Second chromatography... 3.0 0.20 6.30 


* Calculations are based on Au. (red-ox) of 100 at 424 my; reduc- 
tion was effected by DPNH, 1.0 X 10 M. 

Contains cytochrome “I’’ as well, hence the sudden drop in 
recovery upon the first chromatographic step which removes this 


component. 
t 1 wg. of reductase was added. 


Extraction Two pig livers were obtained from the slaughter 
house, chilled immediately, packed in ice, and transported to the 
laboratory as quickly as possible. They were then cut into 
cubes approximately 1 cm.’ in size and homogenized in batches 
(each with 2 volumes of 0.01 m disodium phosphate containing 
0.001 m sodium Versenate), in prechilled, small scale Waring 
Blendors, working at full speed for 1 minute. The suspension 
was centrifuged for 3 minutes at 4000 X g (using 400 ml., high 
speed angle heads of the International model PR-2 or Sorvall 
model SS-1 centrifuges). The precipitate was discarded. The 
turbid supernatant fluid was adjusted to pH 5.3 with 1 M acetic 
acid, added by drops and with constant stirring; at this point 
the suspension underwent a distinct change in color from red 
to brown. The precipitate was centrifuged at 32,000 x g 


Fig. 1. First chromatographic step. 150 mg. of a protein mix- 
ture were adsorbed on a 16- X 150-mm. column of hydroxylapatite 
and eluted by phosphate buffers, as shown, in 2.0-ml. fractions. 
Other details are given in the text. Essentially the same pattern 
is observed if up to 450 mg. of mixed proteins are e 
on 29. X 230-mm. columns. 
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(3 minutes at full speed in the Sorvall), and the supernatant 
fluid was discarded. The precipitate in some preparations was 
then washed by resuspension in 0.01 Mu Tris buffer at pH 7.4 
and was centrifuged, in order to reduce the concentration of 
hemoglobin and methemoglobin. No advantage with respect 
to ease of separation and purification of the cytochrome resulted 
from this procedure, however. The residue was suspended in 
4000 ml. of 10 volumes per cent ethanol and frozen rapidly by 
immersion in an ethanol bath at —20°. The mixture was 
thawed and rapidly brought to 40°, with constant stirring, and 
was then maintained at this temperature for 10 minutes. After 
the heat treatment the preparation was again chilled in the 
ethanol bath and centrifuged for 10 minutes at 32,000 x g. 

Ammonium Sulfate Fractionation—With constant, rapid stir- 
ring 951 gm. of finely powdered ammonium sulfate were 
added to 3000 ml. of the extract. After being allowed to stand 
for 20 minutes the mixture was centrifuged for 30 minutes in 
the trunnion head of the International model PR-2 centrifuge. 
The residue was discarded. In a similar manner 528 gm. of 
ammonium sulfate were added to the supernatant fluid. After 
centrifugation the residue was used for the preparation of re- 
ductase (Mahler et al. (19)), and to the supernatant fluid were 
added 440 gm. of ammonium sulfate. The suspension was 
allowed to stand for 30 minutes, after which it was centrifuged 
for 10 minutes at 32,000 x g. The residue was dissolved in 
the minimal volume of 0.01 u Tris, pH 7.4, and dialyzed over- 
night against 20 to 50 volumes of the same buffer. 

First Chromatography—The chromatography of the complex 
mixture of proteins obtained in the last step was carried out, 
under air pressure, on hydroxylapatite columns of appropriate 
size. Elution was effected with phosphate buffers of varying 
ionic strengths and with pH as shown on the accompanying 
diagram (Fig. 1). In general a 16 Xx 150 mm. column (hold-up 
volume ~10 ml.) sufficed for the resolution of approximately 
150 mg. of protein mixture, whereas a column 29 X 230 mm. 
(hold-up volume, 25 ml.) was satisfactory for a charge with up 
to 450 mg. of protein. The proteins were applied as solutions 
containing 10 to 20 mg. per ml. For adequate resolution the 
flow rate should not exceed 0.67 ml. per minute. For the small 
columns, fractions of 2.0 ml. each were collected; for the larger 
ones the fractions could be increased to 5.0 ml. each. For each 
fraction protein was determined from the value of Ags, hemin 
content from the value of Age, and, when necessary, specific 
activity by observing the A. . after the addition of DPNH 
(plus excess reductase for the most highly purified fractions). 
All except the highly purified fractions contained sufficient 
endogenous reductase to lead to complete reduction of the 
cytochrome within 5 minutes. 

The elution pattern observed is that shown in Fig. 1. The 
cytochrome 556 was the second (usually larger) hemoprotein 
peak to appear. It was eluted by 0.05 u phosphate but not 
by 0.02 u phosphate. The first hemoprotein peak (cytochrome 
„% was made up of a cytochrome indistinguishable spectro- 
scopically; this cytochrome, however, was distinguished by its 
great lability and by the fact that it was reduced not only by 
DPNH but also by cysteine and ascorbate (10° ). Because 


of this lability the cytochrome has so far not been investigated 
further. 

Second Chromatography—For most purposes the cytochrome 
obtained in the step just described is of sufficient purity. It 
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may be further purified by a second chromatographic step. 
In a typical experiment, shown in Fig. 2, 21 mg. of the pooled 
peak fractions (corresponding to Fractions 35 to 41 of Fig. 1) 
from the first chromatography (1 = 3.02; Aue = 2.95) were 
placed on a 17 X 180 mm. column, which was then developed 
with the buffers shown at a flow rate of 0.46 ml. per minute; 
3.0 ml. cuts, consisting of the peak and four fractions following, 
were collected. The cuts, all of which had identical Ago to 
Ags and AA. to Ago ratios, were pooled. The properties of 
the highly purified cytochrome obtained in this way will be 
discussed in the next section. 

Properties 

Absorption Spectrum—The absorption spectrum of the cyto- 
chrome is shown in Fig. 3. The characteristics of four prepara- 
tions carried through the whole procedure are summarized in 
the legend. For all of the work described in the subsequent sec- 
tions these preparations were dialyzed for 48 hours against 100 
volumes of 0.01 u Tris, pH 7.4, containing 0.001 Mu Versene. 

Absorbancy Indices Because of the great similarity between 
the spectrum of this cytochrome and that of cytochrome 5. 
purified from rabbit liver microsomes by Strittmatter and 
Velick (8), we have used the working hypothesis that the milli- 
molar absorbancy indices found by these authors are applicable 
in the present case also. That this assumption is justified is 
brought out by the following observation: In a typical prep- 
aration the concentration calculated on the basis of the ag; 
(oxidized = 117) was 9.8 Xx 10 “M; that calculated on the basis 
of the aes (reduced = 171) was 1.0 Xx 10-° u; using the a-peak 
of the pyridine hemochrome with an ass; (reduced = 35) (20), 
it was 8.9 Xx 10 M* on the basis of the hemin, extracted by the 
method of Lewis (15), using an % (88.5), the value found was 
1.14 X IO u. 

Hemochromes—The spectrum of the pyridine hemochrome of 
the eytochrome is shown in Fig. 4. For comparison the spec- 
trum of this compound, derived from a hemoglobin solution of 
concentration equal to that of the cytochrome, is also shown. 
Except for minor variations (attributable to the different pro- 
tein moieties) the correspondence observed appears to be close. 

Porphyrin—The iron porphyrin was removed from the pro- 
tein by the acid acetone method of Lewis (15). The resulting 
absorption spectrum was similar to that of ferriprotoporphyrin 
with a maximum at 380 ma and with peaks at 510 and 545 mu. 
In conjunction with the data on the hemochromes already pre- 
sented, this permits the identification of this moiety as the 
prosthetic group of the pig liver cytochrome. 

Iron Analysis This analysis has been performed on replicate 
samples of one highly purified preparation. With the use of 
internal standards and a modification of the o-phenanthroline 
method described by Sandell (16) we found an iron content of 
3.30 and 3.70 mg. of iron per gm. of protein, ie. 1 gm. atom of 
iron per 15,000 gm. of 

Minimum Molecular Weight—If we assume an A, at 
275 my (due largely to protein) of 19.0, and tho millimaiar ob- 
sorbancy indices mentioned for the heme group, the minimum 
molecular weight of our purest preparations is of the order of 
15,000. 

Oxidation Potential—The determination of the oxidation- 
reduction stoichiometry and potential will form the subject of 
a subsequent publication. A preliminary survey at two pH 
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Fid. 2. Second chromatographic step. 21 mg. of cytochrome 


obtained in the previous step are rechromatographed. Other 
details are described in the text. 
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Fic. 3. Absorption spectrum of cytochrome after rechro- 
matography. Absorbancies were obtained in 0.01 u Tris, pH 7.4, 


at 5 my intervals except at or near peaks (I mg). Experimental 
points are omitted for clarity of presentation. Reduced spectra 
above 375 my are obtained upon the addition of hydrosulfite or 
DPNH (lo eu, plus 0.1 ug of purified reductase) to experimental 
and control cuvette, even under aerobic conditions. Below 375 
my, values were obtained by means of potassium borohydride. 
The four best preparations show the following characteristics: 
The Amex. (oxidized) are at 275, 360, 412, 530, and 560 my; the 
Amex. (reduced) are at 320, 423, 528, and 556 ma. The 

ratios are as follows: A423 (reduced): 4% (red) = 6.80 + 0.12; 422 
(red): A. % (red) = 13.7 + 0.12; 4. (red): Aus (oxidized) = 1.49 
+ 0.038; 4. (red): Asso (ox) = 2.2 (one preparation only); Asse 
(red): Asse (Ox) = 3.15 + 0.26; Assos (red): A. (ox) = 1.34 + 0.05; 
Aaa (red): Aaa (ox) = 3.00 + 0.05; Au: (0x): Ago (ox) = 4.36 + 


0.10 (two preparations). 


values, by the iron-oxalate method, shows the following values: 

„ = 0.014 volts at pH 6.5 and E’, = —0.098 volt at pH 8.0. 

Stability—The spectrum of the cytochrome remains unaffected 
if the oxidized material is kept for several months at —20°, 
for several days at 0°, for 24 hours at 20°, or for 30 minutes at 
52°. This stability extends over the pH range from 9.0 to 5.0. 
With a pH of 4.6 and at 20°, a slow disappearance of the oxidized 
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Fic. 4. Spectrum of pyridine hemochromes of cytochrome and 
hemoglobin. The spectra of purified hemoglobin (Hb) and cyto- 
chrome 556 solution, prepared under identical conditions and 
equal in concentration as calculated from A., are compared. 


peak is observed to occur to a small extent at 412 my. At 
pH 3.5 the oxidized peak disappears rapidly (within 1 minute) 
and almost completely. Upon reneutralization of such a solu- 
tion there is an equally rapid and almost complete (290 per 
cent) restoration of the absorbancy. Whether this constitutes 
a truly reversible change that is related to the titration of an 
acid group, or whether the changes observed accompany some 
more deep-seated transformation, has not been investigated. 

Complex Formation—No evidence for complex formation was 
obtained when the enzyme was incubated with 0.02 m cyanide 
or azide for periods up to 1 hour. 

Reduction—The crude cytochrome is reduced readily by di- 
thionite, borohydride, cysteine, ascorbate (all at 10 “ m), and 
DPNH (at 10“ ). Highly purified preparations are inert 
to the action of the last three agents. The ability to be reduced 
by DPNH can be shown to be referable to the presence of a 
specific DPNH cytochrome reductase. The preparation and 
some of the properties of this enzyme are discussed in the ac- 
companying report (19). All of the reductase activity, even in 
crude preparations of the cytochrome, can be eliminated by 
keeping the mixture at 52° for 15 to 20 minutes. The cyto- 
chrome reduced with DPNH shows a spectrum indistinguishable 
from that observed on dithionite reduction. 

Ozxidation—The reduced cytochrome can be reoxidized by 
ferricyanide, ferric chloride, and, more slowly, by air. If cyto- 
chrome c in concentrations >10-* n is added to approximately 
equivalent concentrations of the new cytochrome in its reduced 
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form, reduction of cytochrome c in stoichiometric amounts is 
complete in <2 minutes. The cytochrome in conjunction 
with its reductase thus provides a means for the transfer of 
electrons from DPNH to cytochrome c at relatively high con- 
centrations of all reactants (8). 

Intracellular Origin—The use of slaughter house material and 


guinea pigs) it can be shown that the method of ethanol extrac- 
tion described here is successful only with isolated mitochondria 
(and not with microsomes). 

Relation of Cytochrome 556 to Other Cytochromes—Clearly, the 
present cytochrome belongs in the group of hemoproteins inter- 
mediate in properties between cytochromes b and e and exem- 
plified by the yeast cytochrome 5, (21, 22) and the microsomal 
cytochrome b. (8). The similarities between the cytochrome 
reported here and those of cytochrome b. are so close that the 
question of identity might cogently be raised. The apparent 
differences between the two hemoproteins are the following: 
(a) in the extraction procedure lipase was employed for the rab- 
bit liver cytochrome b. and 10 per cent ethanol at 40° was used 
for the hog liver cytochrome; (6) cytochrome bi, but not the 
present cytochrome, is reported to be irreversibly destroyed at 
pH 3.5; (e) cytochrome b. is reported to be rapidly reduced by 
cysteine, the present cytochrome is not; (d) the oxidized Soret 
band of cytochrome b. is reported at 412 my and the reduced 
8-band at 526 my, whereas in the present case the positions are 
at 412 and 528 ma, respectively. Whether or not these dis- 


1. A cytochrome designated as 556 has been extracted from 
pig liver particles with 10 per cent ethanol at 40° and has been 


purified by means of chromatography on hydroxylapatite 
columns. 


2. The absorption maxima of the pigment are at 275, 360, 
412, 530, and 560 ma in the oxidized form and at 320, 423, 528, 


cytochrome b. isolated from rabbit liver microsomes. 

3. The pigment is reduced by reduced diphosphopyridine 
nucleotide in the presence of a specific reductase, but not by 
cysteine, and it is reoxidized by cytochrome c. 
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A DPNH'-oxidizing enzyme from rabbit liver microsomes 
with some rather unusual properties, especially with respect to 
acceptor specificity, has recently been isolated and described 
by Strittmatter and Velick (1). The present report deals with 
the isolation and purification of a similar enzyme originally 
obtained as part of a cytochrome-linked DPNH-oxidizing sys- 
tem in ethanolic extracts of pork liver particles (2). The puri- 
fication makes use of adsorption chromatographic techniques 
first developed by Tiselius e al. (3). Some of the kinetic param- 
eters, including the action of a variety of inhibitors of the en- 
zyme, are presented briefly, as is an identification of FAD as 
an integral part of the prosthetic group. Some aspects of the 
work have been reported previously in a preliminary manner.“ 

While this manuscript was in preparation, Strittmatter and 
Velick described an enzyme isolated from calf liver microsomes 
(4, 5). This enzyme has been highly purified by these workers 
and was shown by them to be a flavoprotein with many quali- 
tative similarities to the enzyme described here. 


MATERIALS AND METHODS 


Nucleotides—All nucleotides, including DPNH and FAD, used 
in this investigation were obtained from the Sigma Chemical 
Company, St. Louis, Missouri, and were shown to be 2900 per 


cent pure by chromatography. 
Electron Acceptors—Cytochrome c with iron content of 0.34 


per cent was obtained from the Sigma Chemical Company. 
Spectrophotometric analysis showed it to be free of hemoprotein 
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2? At the annual meeting of the Brazilian Association for the 
Advancement of Science, Rio de Janeiro, Brazil, June 1957. 


impurities and to be approximately 85 per cent in the oxidized 
form. The two belike cytochromes of pig liver were prepared 
in the manner described in the previous paper (2). Pig liver 
methemoglobin can be eluted from the columns used to prepare 
these cytochromes by means of 0.2 u phosphate buffer at pH 
7.4. The ferricyanide used was a product of Merck and Com- 
pany, Inc., Darmstadt (analytical reagent grade). Indigo 
disulfonate and tetrasulfonate were products of the LaMotte 
Chemical Company. All other acceptors used were commercial 
preparations of the best available purity. 

I nhibitors—o-Phenanthroline (analytical reagent grade) was 

a product of Merck, Darmstadt; te and 
o-iodosobenzoate were obtained from the Sigma Chemical 
Company; iodoacetic acid and iodoacetamide were purchased 
from Bios Laboratories, Inc., and Nutritional Biochemicals 
Corporation. The ethylenediaminetetraacetate used was the 
analytical grade of disodium Versenate (Riker). Antimycin A 
was purchased from the Wisconsin Alumni Research Founda- 
tion, Madison, Wisconsin. Amytal was kindly provided by 


Brazil. 2,4-Dinitrophenol, pentachlorophenol, and menadione 
were of Eastman Kodak Company White Label grade; proges- 
terone was obtained from the Schering Corporation, vitamin 
Ki was provided by Merck and Company, Inc., Rahway, New 
Jersey; snake venom (Crotalus terrificus) was provided by the 
Instituto Butantan, Séo Paulo, Brazil. 

Eneymes— Alcohol dehydrogenase was a partially purified 
preparation (6), with commercial crude yeast hexokinase (Sigma 
Chemical Company) as a starting material. Adenosine de- 
aminase free of phosphatase activity was prepared from intes- 
tinal phosphatase by the method of Kalckar (7); the preparation 
showed a specific activity of 0.3 wmoles of adenosine deaminated 
per minute per mg. at 22° in 0.05 M Tris buffer, pH 7.4, and a 
specific activity of less than 0.01 when tested with 5’-adenylic 
acid. 5’-Nucleotidase and nucleotide pyrophosphatase (pre- 
sumably identical with phosphodiesterase) were obtained from 
snake venom; they were separated from each other and purified 
by chromatography on hydroxylapatite’ The 5’-nucleotidase 
so obtained had a specific activity of 11 wmoles of 5’-adenylic 
acid split per minute per mg. at 22 in 0.05 M Tris buffer, pH 
7.4, in the presence of 2 x 10 * Mu magnesium chloride. Activity 


* Mahler, H. R., do Amaral, F. A., and Raw, I., unpublished 
observations. 
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was measured by following the amount of phosphate or ade- 
nosine released; the enzyme was inactive when tested against 
DPN or FAD. The nucleotide pyrophosphatase had a specific 
activity of 24 wmoles of DPN split per minute per mg. at 37° 
in 0.05 u Tris buffer, pH 8.1, in the presence of 5 x 10°° * 
magnesium chloride; activity was measured by determining the 
amount of DPN remaining on reduction with alcohol and al- 
cohol dehydrogenase. b-Amino acid oxidase was a highly 
purified preparation from pig kidney (8); it was assayed by 
2,6-dichlorophenol indophenol reduction spectrophotometrically 
at 600 ma in the presence of 0.01 M alanine in phosphate buffer, 
pH 8.0, at 37°. The A., is proportional to FAD concentra- 
tion between 0.5 and 5 x 10 u. provided the nucleotide is 
with the enzyme for 10 minutes at 37° before the 
addition of substrate. 
Assaye—Protein was determined by the biuret method (9); 
with highly purified preparations the optical method of War- 
burg and Christian (10) was also used. Crystalline bovine 
serum albumin was used as a standard. Pentose was measured 
by a microadaptation of the Dische modification of the orcinol 


spectrophotometricall 
enzyme preparations (a. „ of 10.4 at the long wave length max- 
imum), or on neutralized perchloric acid extracts (aan of 11.3). 
FAD was also assayed by the modified p-amino acid apoenzyme 
test, as described above. 

DPNH oxidation by ferricyanide, methylene blue, menadione, 
metrically at 340 my; by cytochrome c at 550 my; by 2,6 
dichlorophenol indophenol at 600 my; and by cytochrome 
b-like pigments at 424 ma. The methods and the extinction 
coefficients used have been described by Strittmatter and Velick 
(1); the final volume of all our reaction mixtures was 2.0 ml., 
except for the cytochromes, for which it was 1.0 ml. A Beck- 
man model DU spectrophotometer equipped with photomulti- 
plier to obtain minimal slit widths was used. All units of en- 
tymatic activity are defined as 1 umole of DPNH oxidized per 
minute at 22° in 0.020 M Tris buffer, pH 8.0, containing 5 x 10 
u Versene. The acceptor concentrations and other conditions 
used are shown in Tables I and II. 

Paper Chromatography and Electrophoresis—In chromatog- 
raphy the ascending technique was employed; the papers used 


Tass I 


Summary of purification procedure for reductase 
Ferricyanide assay: 0.01 M or 0.025 u Tris, pH 8.0, with 5.0 X 
10 Versene, 5.0 Xx DPNH, and 1.0 Xx 10 ferricyanide 
in a final volume of 2.0 ml. at 22°. 


Step Total protein, — 

wniis mg. total 

Aleohol extract ..| 18,100 19 34,000 

First ammonium sulfate. 9,000 4.0 36,000 
Second ammonium sulfate 

55 to 0 per cent of saturation. _ 500 9.0 4,500 

60 to 65 per cent of saturation 310 97 3,100 

First chromatography... 64 5 3,500 

Second 10.5 20 2,100 


* 1 unit I smole of DPNH oxidized per minute. 
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Tant II 
Specificity pattern of reductase with acceptors 

All experiments were performed in 107 M Tris containing 10 
u Versene, pH 8.0, and at 22°. 

DPNH oxidation was followed spectrophotometrically at 340 
my against blanks containing all components but enzyme, except 
for hemoproteins, the reduction of which was followed at 424 my 
(cytochromes 556, I.“ and methemoglobin) or 550 my (cyto- 
chrome c), and 2,6-dichlorophenol indophenol, which was meas- 
ured at 600 my. 

Concentrations of DPNH, 5.0 Xx 10 u; of all acceptors, 5 X 
10 * M, except for cytochrome c (3 Xx 10-* m), other hemoproteins 
(2.0 X and oxygen (cuvette saturated with air). 


Cytochrome 556 from pig liver 70 56 
„ 60 46 
Cytochrome €..... 0.02 0.02 
Methemoglobin....................... 0 0 
2,6-dichlorophenol indophenol........ 11.4 8.8 
Indigo tetrasulfonate....... 17.2 13.2 
Indigo disul fonte 1.7 1.3 
Methylene blue W 0.78 0.6 
0.02 0.02 


were Whatman No. 1 and, for large scale work, Whatman No. 
3 MM. The solvent systems employed were ethanol-ammonium 
acetate (12), phosphate-ammonium sulfate-propanol (12), and 
t-butanol-water, 60:40. For paper electrophoresis we employed 
the Microchemical Specialties Company apparatus and the tech- 
nique essentially as described by Siliprandi (13). 


Purification (Table 1) 

Extraction and First Ammonium Sulfate Fractionation—A 
heat-treated alcohol extract is prepared from two pig livers in 
the manner described in the previous paper (2). From this 
point all operations are carried out at, or below, 3°. To 3000 
ml. of the extract is added 951 gm. of finely powdered ammonium 
sulfate, with constant, rapid stirring. The mixture is allowed 
to stand for 20 minutes, after which it is centrifuged for 20 
minutes at 1000 X g in the trunnion head of an International 
model PR-2 centrifuge; the residue is discarded. To the super- 
natant fluid is then added 528 gm. of ammonium sulfate in the 
manner just described. After centrifugation, as before, the 
residue is dissolved in 400 ml. of 10 M Tris and dialyzed against 
10 volumes of the same buffer, containing 10 Mu Versene. The 
supernatant fluid is used for the preparation of cytochrome 
556 (2). 

Second Ammonium Sulfate Fructionation 500 ml. of the 
dialysate are brought to 50 per cent of saturation by the gradual 
addition of 176.5 gm. of ammonium sulfate. The suspension 
is centrifuged at high speed (32,000 x g in the Servall model 
SS-1 centrifuge or 10,000 x g in the International), and the 
residue is discarded. The supernatant fluid is then fractionated 


reaction , standardisec rainst ribose, riponavil 

phate (no reaction), adenosine-5’-monophosphate, and FAD. : 

3a — — — — — — — 


00- 


aration. 
with 33 ml. of an enzyme preparation having a protein content 
of 10 mg. per ml. and a specific activity of 9.4. The flow rate 
was adjusted by means of air pressure applied to 1 drop per 12 
seconds, i. e. 2.8 ml. per 8 minutes. 


Fie. 2. Second chromatography of a reductase preparation. 
A hydroxylapatite column similar to that used in the experiment 
of Fig. 1 was charged with 10 ml. of a reductase con- 
taining 50 mg. of protein having a specific activity of 55. All 
other conditions were similar to those given in Fig. 1. 


with ammonium sulfate in steps of 5 per cent up to 70 per cent 
of saturation by the addition of five increments of 17.7 gm. of 
this reagent. Fractions are obtained by high speed centrifuga- 
tion and the pellets are dissolved in 0.1 u Tris containing 10 
M Versene to a protein content of 10 to 20 mg. per ml. After 
a suitable dilution (1:50) of aliquots the specific activity is 
determined in the ferricyanide assay. After dialysis against 
20 volumes of 10-* M potassium phosphate containing 5 x 10 
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flow rate is adjusted by means of air pressure applied at the top 
of the column to 1 drop every 10 to 12 seconds, i. e. a fraction 
of 2.8 ml. every 7 to 9 minutes. The total 


asymmetrical descending branch. No advantage 
is to be gained by decreasing the flow rate or increasing 
column size, nor by preliminary elution with buffers of 
ionic strength. The fractions of high specific activity are pooled, 
3.0 gm. of ammonium sulfate for each 10 ml. are added slowly, 


against the same buffer. 


column volumes. A typical run is shown in Fig. 2. If desired, 
the enzyme may be concentrated by precipitation in 60 per 
cent saturated ammonium sulfate. 


Properties 


Minimal Molecular Weight—Enzymes with a specific activity 
of 200 uwmoles of DPNH oxidized per minute per mg. in the 
ferricyanide assay are routinely obtained by the purification 
scheme described. The absorption spectrum of such an enzyme 
is shown in Fig. 3, which also shows the spectrum of a perchloric 
acid extract of the same enzyme. These spectral data permit 
one a calculation of flavin content (also see below) and corrected 
protein concentration. For the enzyme of Fig. 3, flavin con- 
tent, based on the difference A, dus A, ed for the holo- 
enzyme at 460 my (the A,,,,, and if there is complete reduction 
of enzyme- bound flavin) and assuming an d. for flavoproteins 
of 10.4 (14), equals 7.8 x 10 . When calculated from the 
Awsx. of the neutralized perchloric acid extract (ic. if all 
absorption at the long wave length maximum is due to flavin), 
and assuming an Gay of 11.3 for flavins at their A , (15, 16) 
the same value is obtained.‘ The corrected protein concentra- 
tion equals 0.64 mg. per ml. Thus the minimal molecular 
weight, based on one flavin molecule per enzyme molecule, equals 
82,000. The best enzyme obtained by us had a specific activity 


‘Since the first calculation would tend to give low results, 
whereas the second type would lead to high values, the good 
agreement is probably more than fortuitous. 
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u Versene, the fraction (or fractions) of highest specific activity 
is used for chromatography. 
Fir Chromatography—Hydroxylapatite columns are pre- 
5 pared in the manner described earlier (2, 3). Each column 
7 (17 Xx 130 mm.) is suitable for the purification of about 350 mg 
P 4 of enzyme. The columns are charged with the dialysate of the 
0.0 ry previous step, and elution is effected by means of 0.1 u phos 
: 5 phate buffer, pH 6.8, containing 5 x 10“ M Versene. The 
5 . chromatographic separaticn of this sort is about 4 hours. The 
20st. : elution pattern obtained at this stage is quite typical and in- 
variant (Fig. 1). The first protein peak to emerge is an intensely 
2 yellow component which carries the reductase along on its 
10 20 30 =FRACTION No 
— 
After high speed centrifugation the pellet is discarded, and to 
the supernatant fluid is added 1.0 gm. of ammonium sulfate. 
== — Centrifugation after an interval of at least 30 minutes yields 
' i 200 the ensyme in the pellet. This is dissolved in 10 u phosphate 
H 5 buffer, pH 6.8, containing 5 & 10 M Versene, and is dialysed 
.ä— — 
0.8 Second Chromatography — The second chromatographic step 
So act ö 160 is performed in a manner entirely analogous to the first. If 
6 previous steps ha ve been conducted properly this chromatog- 
! 140 raphy leads to a clean resolution of the reductase, which emerges 
os Toe Ars ' as a second, yellow, symmetrical peak after approximately 2.5 
2 lo 120 
0.3 ＋ 088 ‘ * 
Ba. 
Ww “ai 40 
o 9 * 
24 20 
O0 EFFLUENT VOUUME IN ML 100 
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lead to a significant decline in 
provided the ensyme is kept 
strength and in the presence 


necessary evidence for the existence of a thermolabile, 


enzymatic 
component (or components) between DPNH and the cyto- 
chrome. 


Preliminary Kinetic Studies 


Electron Donor Specificity—The enzyme appears to be specific 
for DPNH. No activity whatever is observed with reduced 
Electron Acceptor Specificity—As is indicated in Table II, 
the enzyme is able to discriminate in favor of the cytochrome 
brlike hemoprotein isolated from the same extracts and against 
other hemoproteins. It shows activity also with ferricyanide, 
which forms the basis of a convenient assay for the enzyme, and 
with cytochrome “I,” another closely related cytochrome ob- 
tained after the chromatographic separation of hemoproteins 
described in the previous paper (2). 

Course of Reaction In the ferricyanide assay, described under 
“Materials and Methods” and in Table I, the velocity of DPNH 
oxidation by the acceptor is linear with time until well over 
75 per cent of the donor initially added is used up. In contrast, 
if cytochrome acceptors are used, in the concentrations usually 
employed (10-* u), the rate of reduction of the acceptor appears 
to fall off logarithmically with time. 

Evaluation of Apparent Michaelis Constants—Constants deter- 
mined from linear reciprocal Lineweaver-Burk plots (20) for the 
component in question (donor or acceptor), in the presence of a 
high concentration of the other component, are summarized in 
Table III. These “constants” are to be regarded as preliminary 
experimental quantities, and, as has been discussed by Alberty 


ues obtained in this manner for the optical method of Warburg 


Tant III 
Apparent Michaelis constants for reductase (all u X 10% 
All buffers were 0.025 u, containing 5 X 10 n u Versene, enzyme 


of specific activity 65, 22°. 
Initial velocities are taken as 2 times the rate between 15 and 


Component pH 
Varied Constant (histidine) 8.0 (Tris) 
Ferricyanide.............. DPNH (5.0 | 105 145 
X 10°* N 
Pig liver cytochrome 556 DPNH (5.0 0.83 0.406 
X 10-* 
Ferricyanide| 12.6 9.1 
(1.0 x 
*) 
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of 235 umoles of DPNH oxidised per minute per mg., as com- : 
pared to the 200 «moles for the ensyme in Figs. 2 and 3. This 0 
then leads to a molecular weight of n & 82,000 x 200/235, or 
s X 70,000. This value is similar to those cited for some : 
other related, highly purified flavoproteins (17-19). It is, 
however, higher than the one reported for the calf liver en- 
syme (5). 
Stability of the Enzyme—The ensyme shows unusual stability * ö 
as a representative of the classes of either DPNH dehydrogenases : 
or complex flavoproteins. When frosen and kept at —20°, | 
preparations have been stored in the freeser for months with 7” : 
at room temperature do not - | 
activity even of dilute solutions, | 
i in buffers of at least 0.002 ionic 2 
5 Xx 10 M Versene. On the 
at 52° destroys over 80 
per cent solution and incuba- 250 300 350 400 450 500 
: temperature destroys over 98 Fie. 3. Absorption spectrum of an enzyme of high specific | 
Uͤ—⅛Ur ̃ —— activity. A reductase preparation with a specific activity of : 
— available treatment provided 200 was dialysed for 24 hours against 0.01 Tris, pH 8.0, con- 
taining M Versene, spectrum was determined 
— — | 
spectrum was obtained by the addition of DPNH to 5.0 XK 10°* u 
The enzyme is also fairly stable to exposures at a low pH. or 2 mg. of purified dithionite to experimental and blank cuvette. 
Thus, 24 hour dialysis at 3° against 0.01 u acetate buffer at pH The millimolar absorbancy indices are based on an any of 10.6 : 
4.8 did not lead to a decrease in activity when tested against at the long wave length maximum. ta ed — a 
either ferricyanide or cytochrome. Similarly, 12 hour dialysis me preparation was deproteinized perchloric = 
against 0.01 M acetate buffer at pH 4.4 did not decrease potency. — — — — — after — 
On the other hand, 4 hour dialysis against the same buffer at .. ted 
pH 4.0 did lead to a precipitous decline in activity, only a part protein concentration of the preparation has been calculated by 
of which could be restored by the appropriate coenzyme (ef. subtracting the values of 4% and Asse of the deproteinised ex- 
below). tract from those of the holoenzyme and using the corrected val- 
— —ßt — 
mir and Christian (10). The protein concentration calculated in this | 
manner equals 0.64 mg. per ml. The value obtained for the same : 
preparation by the use of the biuret method equals 0.70 mg. 
per ml. 
45 seconds. Reeiprocals of these values plotted against recipro- 
cals of donor or acceptor concentration (component varied) ac- 
cording to the method of Lineweaver and Burk lead to straight 
lines. The values in the table were obtained by regression 
analysis of the data. 


Kreis 
oo mSTIOME 
SUCCINATE HISTIDINE OR 

a * ACETATE 


Fic. 4. pH dependence of ferricyanide reduction. 0.5 g. of 
an enzyme with a specific activity of 100 was added to a system 
containing 25 umoles of the buffer shown (plus 25 wmoles of am- 
monium chloride or histidine adjusted to the appropriate pH, 
where indicated), 0.2 umoles of DPNH, and 0.2 moles of ferri- 
cyanide in a final volume of 2.0 ml. The linear rate of decrease 
in A349 at 20° between 15 and 75 seconds, as measured in 15 second 
intervals, is taken as a measure of the initial rate, with that at 
pH 6.0 in histidine set arbitrarily as equal to 100. 


RELATIVE SPECIFIC ACTIVITY 


CONC OF CATION 


Fic. 5. Requirement of ammonium ions! for ferricyanide re- 
duction. Tie test system contained 25 umoles of succinate buffer, 
pH 6.0; 0.2 umcies each of ferricyanide and DPNH; and the con- 
centrations indicated of ammonium chloride, histidine adjusted 
to pH 6.0, or sodium chloride in a final volume of 2.0 ml. The 
reaction was started by the addition of 0.5 ug. of reductase hav- 
ing a specific activity of 100, and the activity was determined as 
indicated in the legend to Fig. 4. Activity in 0.0125 histidine 
buffer, pH 6.0, without succinate, is taken as equal to 100. 


recently, may not necessarily correspond to the true constants 
characterizing the kinetic systems (14). 

Turnover Number—As already mentioned, our best enzyme 
oxidized 235 umoles of DPNH per minute per mg., uncor- 
rected for concentration of reactants. Corrected fo infinite 
substrate concentration this corresponds to an oxidation of 
36,200 uzmoles of DPNH per 10° yg. of protein. On a flavin basis 
the turnover number is 29,000 moles of substrate per mole of 
flavin, all per minute, at 20°, and at pH 8.0 (0.025 M Tris). The 
same enzyme at 30° and at pH 6.0 will oxidize twice this amount 
of substrate, which raises the turnover numbers to about 72,000 
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moles of substrate per minute per 10° gm. of enzyme and 58,000 | 
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moles of substrate per minute per mole of flavin, respectively. 

Influence of i The influence of varying pH and buffer ions 
on the rate of ferricyanide reduction is shown in Fig. 4. It is 
apparent that the behavior of the enzyme with respect to these 
variables is quite complex, and that probably no relatively 
simple theory, such as the ones discussed recently by Alberty 
(14, 21) or by Laidler (22), will suffice to explain the phenomena 
observed. At least part of the anomalous behavior may be 
caused by the effect to be discussed in the next section. The 
pH activity curve for cytochrome reduction is qualitatively 
similar, but less complex. The points in all of the buffers ap- 
pear to fall on the same curve. The maximum is at pH 6.0, 
with 75 per cent activity at pH 7.0, 45 per cent activity at pH 
8.0, and 25 per cent activity at pH 5.0. 

Activation by Substituted Ammonium lIons—It was observed 
that the rate in succinate buffer is only a small fraction of that 
in a corresponding histidine buffer having the same pH and ionic 
strength. The effect appears to be the result of activation by 
histidine rather than of inhibition by succinate. A typical ex- 
periment is shown in Fig. 5. It can be seen that activation is 
(or Tris) cations, and only when ferricyanide is used as oxidant. 
Activation is not obtained with sodium (or potassium) cations. 
No effects are observed if either the cytochrome 556 or 2, di- 
chlorophenol indophenol are employed as acceptors. A similar 
requirement for ammonium ions in the case of a related enzyme 
has previously been reported by Huennekens ef al. (23), but the 
concentrations necessary were far beyond those reported here 
and the cofactor appeared to be necessary for the reduction of 
the “natural” acceptor (oxygen). An analogous effect has also 
been reported by Carpenter (24) in the case of the horse liver 
aldehyde oxidase. 


The Action of Inhibitors 


It was hoped that some information concerning the mode of 
action and the active site of the enzyme might be obtained by a 
study of the effect of appropriate inhibitors. Several different 
classes of inhibitors, showing widely varying effects, have been 
employed. The action of some of these is summarized in Table 
IV and will be discussed briefly. In this discussion we shall 
distinguish between the effects on the “oxidized enzyme” when 
the inhibitor is incubated with enzyme and acceptor and the 
reaction is started by the addition of DPNH, and the effects 
on the “reduced enzyme” when the inhibitor is incubated in 
the presence of enzyme and DPNH and the reaction proper is 
started by the addition of acceptor. 

-SH Inhibitors—The enzyme is tentatively identified as 4 
sulfhydryl enzyme on the following evidence: Low concentra- 
tions of p-chloromercuribenzoate (<10~* m) are sufficient to 
yield pronounced inhibitions, regardless of whether the in- 
hibitor is added to the oxidized or to the reduced enzyme, or 
even without any preincubation whatever; all activities of the 
enzyme are inhibited equally. This inhibition is overcome by 
glutathione (10 ) (but not by cysteine at the same concentra- 
tion or at twice this concentration). Less pronounced inhibitory 
effects are also produced by iodoacetate, iodoacetamide, and 
o-iodosobenzoate. 

Metal-Chelating Agents (25-27)—The reductase is inhibited 
by a variety of metal-chelating agents, especially o-phenanthro- 
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Taste IV 
The action of various inhibitors on reductase 

All experiments were performed with enzyme of specific activity 
2, in 0.025 u Tris, pH 8.0, and at 20°. Incubations are for the 
times shown at the same temperature; water-insoluble inhibitors 
are added as ethanolic solutions; the enzyme shows no change in 
activity in ethanol concentrations up to 10 volume per cent. 
DPNH concentration was 1.0 X 10 % M; ferricyanide, 1.0 X 10 
u: cytochrome, 1.0 X and 2,6-dichlorophenol indophenol, 
30 Xx 10°* M*. 


Incubation conditions Per cent inhibition 
Sta te Time 3 
* | 
min. 
p-Chloromercuri- | 2 X 10 Oxidized 5 100 100 100 
benzoate or re- 
duced 
2x 10°* Oxidized 5 30 
p-Chloromercuri- | 2 X 10 5 0 
benzoate fol- 1x lo” 10 
lowed by gluta- 
thione (reduced) | 
IX 10°* Oxidized 10 87 
lodoacetate 1 xX | Oxidized 10 21 | 
o- lodosobenzoate 1X 10°* | Oxidized 10 42 
o-Phenanthroline 2.5 Xx 10°* Reduced 5 0 6 0 
1.0 X 10°* Reduced 5 10 100 0 
1.0 10°* Oxidized 5 0 
Pyrophosphate 4.0 X 10% Reduced 5 40 
1.0 X 10°* Reduced 5 76 
Orthophosphate 1.0 X 10 ˙ Reduced 5 30 
Citrate 1.0 X 10% Reduced 5 
Versene 1.0 X 10* Reduced 5 42 
Inosine-5’-mono- 1.0 X 10 Reduced 5 0 
phosphate and 
-diphosphate ; 
guanosine-5’ - 
diphosphate ; 
evtidine-5’ -di- 
phosphate, 
uddenosine- 5“ 
monophosphate 
and -diphos- 
phate 
Adenosine-5’-tri- 1.0 X 10 Reduced 5 36 
phosphate; ino- 
sine-5’-triphos- 
phate; uridine- | 
triphosphate 
Adenosine - 5“ 1.0 X 10 Reduced 5 60 
tetraphosphate 
2.4 Dinitrophenol 3. O xX 10 Oxidized 5 
duced 
1.0 X 10 Oxidized 5 0 0 
or re- 
duced 
Gramicidin O 10°* |) Reduced 5 
Progesterone 10° Reduced 5 0 
Pentachloro- 10x 10 Reduced 5 0 
phenol 
Thyroxine 10x 10 Reduced 5 0 
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Tast IV- concluded 
Incubation condit ions Per cent inhibition 
Concentration 
283 2 
Amytal 5.0 X 10°? | Oxidized 5 0 30 
or re- 
duced 
1.0 X 10°? Reduced 5 36 
Antimycin A 2.0 X 10 Oxidized 10 0 
or re- 
duced 
Dicoumarol O X 10 | Reduced 5 16 
O X 10 Reduced 0.5 92 
0 X 10 Reduced 5 98 40 0 
O X 10 Oxidised 0.5 66 
O X 10°* | Oxidized 10 69 
Menadione O X 10 | Reduced 0. 1 
0 X 10 Reduced 5 5 
0 X 10°*| Reduced 10 40 


line, at quite low concentrations. It is of interest that for the 
enzyme described here and for the microsomal reductases from 
rabbit and calf liver the cytochrome-reducing activity appears 
to be a great deal more sensitive to the action of these agents 
than their ferricyanide- or dye-reducing activities. in the 
present case inhibition is greatly enhanced by preincubation 
with DPNH. This effect has previously been observed with 
the cytochrome c reductase from pig heart (26). It differs 
from the reported behavior of the zine protein alcohol dehydro- 
genase, in which preincubation with pyridine nucleotide pre- 
vented the binding of the chelating agent to the enzyme and 
decreased its inhibitory effectiveness (27). 

Substituted Pyrophosphoric Acids—Various purine and pyrimi- 
dine nucleotides and polyphosphates have previously been shown 
to be inhibitory to the heart reductase (28). Similar inhibi- 
tions are observed in the present case also. The order of in- 
hibitory efficiency is triphosphates < tetraphosphate. The 
inhibition is apparently independent of the nature of the base 
and may be merely a reflection of the metal-chelating ability 
of these compounds. 

Uncoupling Agents—2,4-Dinitrophenol, the classical un- 
coupler of phosphorylative oxidation (29, 30), inhibits the re- 
duction of cytochrome 556 by the reductase; however, these 
inhibitions, although observed with all preparations of the 
enzyme, seemed to be of variable intensity regardless of all 
attempts to control the obvious variables. It was also found 
that the inhibition was never complete, regardless of the level 
of the nitrophenol used, and that, although gramicidin (31) 
behaved in a manner analogous to that of 2,4-dinitrophenol, 
pentachlorophenol (32), which appears to have a very similar 
mode of action (33), does not. No effect was observed with 
thyroxine (34-36) or with progesterone (37). 

Respiratory Chain Inhibitors—Amytal (38) at elevated levels 
was found to inhibit the cytochrome-reducing activity of the 
enzyme, but here again the extent of inhibition does not approach 
completion regardless of the concentration employed. Anti- 
mycin A (39), at all concentrations tested and under a variety 
of incubation conditions, does not block the enzyme. 

Dicoumarol and Menadione—U nlike the inhibitions with some 
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Fido. 6. Inhibition of ferricyanide reduction by dicoumarol and 
menadione. The inhibitors shown were incubated for 10 min- 
utes at 20° in the concentrations indicated with 1 ug. of enzyme, 
0.2 moles of DPNH, and 20 moles of buffer in a total volume 
of 2.0 ml. The reaction was started by the addition of 0.2 umoles 
of ferricyanide and the drop in 4% was measured as before 
(Fig. 4). The rate in the absence of inhibitor is taken as equal 
to 100. 


of the respiratory inhibitors just discussed, dicoumarol (40-43) 
was found to affect in a dramatic and consistent manner the 
ability of the enzyme to reduce the cytochrome and ferricyanide 
acceptors. For optimal results DPNH must be added before 
the inhibitor but no preincubation is necessary. Reduction of 
2,6-dichlorophenol indophenol does not appear to be inhibited. 
Curves showing the extent of inhibition with different concentra- 
tions of the reagent and at two different pH values are shown 
in Fig. 6. Typical sigmoid curves are obtained and the effect 
appears to be more pronounced at the activity maximum at 
pH 6. The only other soluble enzyme preparations inhibited 
by dicoumarol are the menadione and quinone reductases in- 
vestigated by Wosilait and collaborators (40, 44). There the 
inhibition appears to be the result of a competition between 
the agent and the external quinone electron acceptor that was 
added (competitive for menadione; noncompetitive for benzo- 
quinone). A similar effect is probably not operative in the 
present case because the extent of inhibition is totally indepen- 
dent of ferricyanide concentration and because this electron 
acceptor is structurally unrelated to the inhibitor. Inhibition 
may, of course, result from the competition of dicoumarol with 
an internal, bound, primary acceptor. This inhibition should 
also be relieved by the addition of menadione if the two agents 
were identical or structurally related and menadione could 
function in the place of the postulated acceptor. It was ob- 
served, however, that menadione after incubation with enzyme 
and substrate was also a good inhibitor of the enzyme. A typical 
inhibition curve for menadione is shown in Fig. 6. 
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Prosthetic Groups 


Absorption Spectrum—The absorption spectrum of a highly 
purified enzyme is shown in Fig. 3. The appearance is that of 
a somewhat atypical flavoprotein with maxima at 275, 390, 
and 460 my and pronounced shoulders at 370, 440, and 480 mg. 
Upon reduction with DPNH the visible portion of the spectrum 
is bleached to the extent of about 75 per cent; no further re. 
duction of absorbancy occurs if dithionite is added as well. 


perchlo- 
rate yields an extract the spectrum of which is also shown in 
Fig. 3. 

Resolution of the Holoenzyme—aAs already mentioned, a par- 
tially active apoensyme may be obtained by dialysis of the 
enzyme against acid acetate buffers, with careful control of 
pH. On the other hand, the usual method of ammonium sulfate 
precipitation at low pH failed to yield an active apoensyme 


It can be shown that the 5’-nucleotidase alone is without any 
effect and that the action of the combined enzymes is caused 


entirely by the action of the nucleotide pyrophosphatase (Fig. 
7B). The reactivation of this preparation is discussed below. 


Fic. 7. The effects of phosphate-splitting enzymes on activity 
of reductase. (A) 1 mg. of reductase with specific activity of 0 
was incubated for the periods shown either alone, or with 90 sg. 
of 5’-nucleotidase and 260 ug. of nucleotide pyrophosphatase, 
all with 5 umoles of magnesium chloride and 50 umoles of Tris, 
pH 7.4, in a total volume of 0.6 ml. In another experiment 200 
ug. of the same reductase was incubated similarly for 30 minutes. 
(B) The curves show the details of this experiment. For activity 
determinations aliquots of the enzyme were withdrawn at the 
times shown, immediately diluted with cold Tris at pH 8.0 and 
Versene to a final concentration of 0.01 u and 5 Xx 10~* m, respec- 
tively, and then tested in the ferricyanide assay. 
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Nature of the Flavin Moiety—The presence of a flavin com- 
ponent is suggested strongly by the appearance of the absorption 
The nature of this flavin is indicated by the following 
lines of evidence: (a) the flavin is released from the enzyme by 
the action of nucleotide pyrophosphatase, but not by that of 
5’-nucleotidase; (6) the ratio of riboflavin to adenosine in a 
ic acid extract equals unity; the adenosine is liberated 
only by the combined action of nucleotide pyrophosphatase and 
5’-nucleotidase, but not by the action of the latter enzyme alone; 
(c) on chromatography in three different solvent systems (Table 
Y migration of the unknown flavin is similar to that of FAD; 
(d) if the unknown is treated with nucleotide pyrophosphatase 
or with pyrophosphatase plus 5’-nucleotidase the split products 
migrate with R, values similar to those obtained from FAD; 
e) on electrophoresis in four different runs, all at pH 5.1 in 
0.05 M acetate buffer but with different current densities (from 
10 to 15 ma.) and times between 5.5 and 7.5 hours, the unknown 
showed a mobility within 10 per cent of that of authentic FAD, 
which in turn had between 2 and 3 times the mobility of ribo- 
favin-5’-phosphate; ( a neutralized perchloric acid extract 
showed 2 70 per cent of the activity of FAD as coenzyme of the 
pamino acid apo-oxidase when compared with an authentic 
sample of the same A qo. 


Taste V 


Paper chromatography and electrophoresis of 
unknown flavin prosthetic group 
Ascending chromatographic technique was employed. Micro- 
chemicals Specialty Company apparatus was used for electro- 
phoresis with papers (Whatman No. 3) of 32 cm. effective length, 
spots placed 5 em. from cathode vessel. Electrophoresis was per- 
formed at 12.5 ma. for 5.5 hours. Enzyme treatment was carried 


out directly on paper by the addition of approximately 20 ug. of 
the purified enzyme to the previously dried flavin spots (0.050 ml). 
Compound Solvent l. Solvent It | r | Mobility 

Ry Ry Ry om. 

1 0.20 0.011 0.79 9.4 

Riboflavin-5’-phosphate ..| 0.27 0.03 0.56 5.1 

0.53 0.07 

ET 0.20 0.016 0.67§ 8.8 

re 0.20 0.010 0.69§ 

FAD + pyrophosphatase. 0.04 

FAD + pyrophosphatase 

+ 5-nucleotidase....... om, 0.01 
X + pyrophosphatase 0.04 
X + pyrophosphatase + wii 


* Ethanol and 1.0 u ammonium acetate (pH 7.5), 7:3. 

t0.1 u Phosphate (pH 6.8), ammonium sulfate, and isopro- 
panol, 100:60:20. Even though the Rp values in this solvent are 
quite low, the spots are very small, symmetrical, and distinct, 
and the Rp values are quite reproducible from run to run. 

t- Butanol and water, 6:4. It will be observed that the Ra 
values in this system are quite different from those usually re- 
ported. The reason for the difference may be that the butanol 
used in this investigation was an European (Merck, Darmstadt) 
tather than an American product. 

§ This lowered Rp value is probably caused by the presence of 
a relatively large amount of inorganic salts in this preparation. 
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Fic. 8. Reconstitution of split enzyme. 200 ug. of reductase 
of specific activity 20, 260 ug. of nucleotide pyrophosphatase, 90 
ug. of 5’-nucleotidase, 5 umoles of magnesium chloride, and 50 
smoles of Tris, pH 7.4, in a final volume of 0.6 ml. were incubated 
for 30 minutes at 37°, chilled in ice, and immediately diluted with 
cold, glass-distilled water to a final concentration of reductase 
protein of 38 ug. per ml. (total volume 3.0 ml.). 0.05 ml. of this 
mixture, containing 1.9 ug. of reductase, the flavin shown, 50 
moles of Tris at pH 8.0, and 0.5 umoles of Versene in a final vol- 
ume of 0.5 ml. were then incubated at 20° for 10 minutes. At the 
end of the incubation period 0.2 umoles of ferricyanide in 0.2 ml. 
and 1.1 ml. of water were added and the reaction was started by 
the addition of 0.2 umoles of DPNH. It was followed by meas- 
uring the 4% as usual. Flavin concentrations shown are the 
final ones in the total reaction volume of 2.0 ml. The specific 
activity of the reconstituted enzyme can be calculated as being 
equal to 19, i.e. the reactivation is essentially complete. 


Reactivation of Reductase A poenzyme—lIn Fig. 8 a perchlorate 
extract of a highly purified enzyme is compared to authentic 
samples of FAD and riboflavin-5’-phosphate in their ability 
to restore the reductase apoenzyme. It can be seen that al- 
though FAD is able to restore full activity, it can do so only at 
a concentration considerably higher than those of the native 
coenzyme preparation (approximate dissociation constants 5 
and 1 X 10-* M, respectively). If FAD is indeed the flavin 
moiety of the prosthetic group, this observation suggests that 
an additional component may be present in deproteinized ex- 
tracts of the enzyme, and, in conjunction with FAD, may be 
responsible for their greater efficiency in the reactivation of 
apoenzyme preparations.* 


Origin of the Enzyme In attempts to obtain some indications 
in this direction, guinea pig and rabbit liver homogenates were 
fractionated by the sucrose procedure (45), mitochondria and 
microsomes were isolated, and the particles were extracted with 


There is some additional evidence with possible bearing on 
this point: (a) the nature of the absorption spectrum of the de- 
proteinized extract, especially with respect to the ratio of Ars 
to Ace (5.0 to 5.1 in the present case, 3.27 for FAD); (6) the ratio 
of adenine to flavin to ribose is 1:1:2 in the extract, 1:1:1 for 
FAD; (e) the type and extent of inhibition with dicoumarol and 
menadione. 
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Tasie VI 
Specific activities of enzymes 

Specific activities are expressed as wmoles of DPNH oxidized in 
the presence of the acceptor shown per minute per mg. All 
measurements are in 0.025 u Tris buffer containing 5 Xx 10 N 
Versene, pH 8.0, 20°. DPNH concentration, 5 X 10 Mu; accep- 
tors, 1.0 X 10 M, except cytochrome c (3.0 Xx 10 ˙ m) and pig 
liver cytochrome (1.0 X 10 “ M). Dicoumarol inhibition was 
determined after preincubation of the reaction mixture in the 
absence of ferricyanide for 5 minutes at 20°. 


Guinea pig Rabbit 
den Mito. | Micro- | Mito. | Micro. 
chondrial somal chondrial somal 
fraction | fraction | fraction fraction 
Acceptor 
Ferricyanide.............. 0.033 | 0.065 2.4 0.00 
Pig liver cytochrome 556.... 0.045 | 0.072 0.24 0.0 
2,6-Dichlorophenol indo- 

DD. 0.15 | 0.05 
Methylene blue............ 0.021 | 0.037 | 0.24 0.028 
Cytochrome c.............. 0.029 | 0.0 0.0 0.0 

Inhibition (per cent) of ferri- 
cyanide reduction by 5 X 
10m of dicoumarol....... 95 65 


ethanol in the manner described. The extracts were fractionated 
with ammonium sulfate between 45 and 70 per cent of satura- 
tion, and the activity toward various electron acceptors with 
DPNH as donor was determined. The results obtained are 
summarized in Table VI. It will be seen that: (a) active di- 
aphorases can be extracted from both particle types of both 
species; (b) cytochrome c reductase activity (either direct or 
indirect with some other component as mediator) is present 
only in the extract of guinea pig liver mitochondria; (c) mito- 
chondria of both species contain an enzyme capable of reducing 
the pig liver cytochrome, and the ferricyanide-reducing activity 
of mitochondria shows greater sensitivity to the characteristic 
dicoumarol inhibition than does that of microsomes. The 
cytochrome c-reducing activity of extracts of guinea pig liver 
mitochondria can be further fractionated and shown to require 
two components, a reductase fraction that catalyzes the oxida- 
tion of DPNH and a hemoprotein fraction that mediates the 
transfer of electrons from the reductase to cytochrome c. Thus, 
this enzyme system is similar to the one reported in this paper 


dehydrogenate DPNH have now been isolated from a variety 
of mammalian tissues and a wide range of properties has been 
ascribed to the different preparations (1, 4, 5, 18, 19, 23, 46, 
47). Pig heart particles have been used as the source of a 
ferroflavoprotein cytochrome c reductase (18, 26), an iron-free 
flavoprotein diaphorase (19, 48, 49), and yet another diaphorase 
(or DPNH oxidase) with different properties and, probably, 
a different prosthetic group (23). 

Rabbit liver microsomes have been the source of a partially 
purified enzyme (1), whereas a closely related, highly purified 
preparation has been obtained by the same investigators from 
calf liver microsomes (4, 5). The enzyme described here clearly 
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belongs in this same class of cytochrome-specific flavoproteins. 
Although the acceptor pattern and the action of certain inhibitors 
(mental-chelating agents, p-chloromercuribenzoate) appear to be 
qualitatively similar for all three enzymes, the microsomal 
enzyme (rabbit) has been reported to be insensitive to dinitro- 
phenol; neither of the two microsomal enzymes has as yet been 
investigated with respect to the characteristic dicoumarol (and 
menadione) inhibitions or ammonium ion activation. A po 
sible additional difference is provided by the fact that snake 
venom is used in the isolation procedure for the calf liver enzyme, 
whereas the enzyme described here is split and thus inactivated 
by similar treatments.“ 


The isolation and purification of a flavoprotein enzyme 
catalyzing the dehydrogenation of reduced diphosphopyridine 
nucleotide (DPNH) is described. Pig liver particles are ex- 
tracted with dilute ethanol at 40° and the extract is fractionated 
with ammonium sulfate and further purified by means of column 
chromatography on hydroxylapatite. The enzyme so obtained 
catalyzes the dehydrogenation of 60,000 moles of DPNH per 
mole of enzyme-bound flavin per minute at 30° and at pH 6.0. 


It is specific with regard to electron donor (DPNH) and electron 


acceptors (two soluble, cytochrome b.like hemoproteins ob- 
tained from the same extracts, or ferricyanide). Results are 
reported of preliminary investigations as to the influence of 
substrate and acceptor concentration, as well as of pH, on the 
rate of the enzyme-catalyzed reaction. The apparent Michaelis 
constant at 22° for DPNH in the pH range studied is of the order 
of 10 % M; for cytochrome, 5 X 10° M; and for ferricyanide, 
about 10 M. On a flavin basis the minimal molecular weight 
of the best preparation is approximately 70,000. 

The reduction of ferricyanide by DPNH in the presence of the 
enzyme is activated by substituted ammonium ions and is 
inhibited by -SH inhibitors, dicoumarol, and menadione. The 
cytochrome 556-reducing activity has been shown to be in- 
hibited not only by p-chloromercuribenzoate and dicoumarol, 
but also by a variety of mental-chelating agents, nucleoside 
triphosphates, and certain respiratory chain inhibitors such as 
2,4-linitrophenol and Amytal. 

The flavin moiety of the enzyme has been identified as flavin 
adenine dinucleotide by paper chromatography, paper clectro- 
phoresis, and activity as coenzyme of the p-amino acid apo- 
oxidase. Flavin adenine dinucleotide also substitutes (but at 
decreased efficiency) for a deproteinized extract of the highly 
purified enzyme as coenzyme for the reduced diphosphopyridine 
nucleotide dehydrogenase. The apoenzyme was prepared by 
the action of snake venom diesterase (nucleotide pyrophos- 
phatase) on the enzyme. 
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It must be pointed out, however, that venoms from different 

were used in the two investigations. Strittmatter and 

Velick (5) employed venom from Naja naja while we used the 
venom of Crotalus terrificus. 
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Vitamin E Deficiency in the Monkey 


III. THE METABOLISM OF SODIUM FORMATE-C“* 


James S. Dinninct AND Paul L. Day 
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Monkeys deprived of vitamin E have been shown to develop 
nutritional muscular dystrophy with metabolic aberrations 
resembling those observed in other species (1, 2). Vitamin E 
deficiency in rabbits and rats has been shown to result in de- 
ranged formate metabolism (3, 4), and the present report de- 
scribes some effects of vitamin E deficiency in monkeys on for- 
mate metabolism. 


EXPERIMENTAL 


A total of eight young rhesus monkeys, weighing between 2 
and 3 kilos each, were used in these experiments. All were 
given the basal vitamin E-leficient diet previously described 
(1). The diet of two of the animals was supplemented with 20 
mg. of a-tocopherol acetate daily throughout the experiment 
and these animals will be referred to as “normal.” The other 
six monkeys were fed the deficient diet until the previously 
described signs of vitamin E deficiency appeared (1). This 
required approximately 10 months of feeding. Four of these 
animals were then taken for experimentation and will be re- 
ferred to as “E-deficient.” The remaining two animals, fed 
the unsupplemented diet, were permitted to develop the usual 
deficiency signs and were then treated with vitamin E. These 
animals were each given two injections of 20 mg. of a-tocopherol 
phosphate intraperitoneally, and their diet was supplemented 
with 20 mg. of a-tocopherol acetate daily. After approxi- 
mately 3 months of this therapy, the animals appeared normal 
and were taken for experimentation. These animals will be 
referred to as “recovered.” 

Each monkey was injected intraperitoneally with 10’ e. p. m. 
of sodium formate-C™ per kilo of body weight. The specific 
activity of the formate was approximately 10 ¢.p.m. per amole 
Each animal was then placed in a large jar with a sealed lid 
connected to a gas train. Air was bubbled through the system 
and expired CO, was collected in 5 n NaOH and later pre- 
cipitated as barium carbonate. The barium carbonate was 
counted with an end window Geiger tube and the counts were 
corrected to infinite thinness. 

4 hours after the injections of the C"-formate, the animals 
were killed and samples of various tissues were taken and im- 
mediately frozen with dry ice-acetone. 

The tissues were fractionated according to the procedure of 


* This investigation was aided by a grant from the Muscular 
Dystrophy Association of America, Inc. and Research Grant No. 
A-741 et seq. from the National Institutes of Health. 

t Studies carried out during the tenure of a Lederle Medical 
Faculty Award. 


Schneider (5). An aliquot of the nucleic acid fraction was 
evaporated for counting and a separate aliquot was taken for 
phosphorus determination. The protein fractions were dried 
and counted and the counts were corrected to infinite thinness. 
All C™ assays were made with an end window Geiger tube with 
a window thickness of 2 mg. per sq. cm. 

Nucleic acids from bone marrow were fractionated into RNA! 
and DNA by the alkaline digestion method (6) as previously 
described for rat liver (4). 

In order to determine the specific activities of acid-soluble and 
nucleic acid purines, samples of skeletal muscle were homog- 
enized in cold 10 per cent TCA. The residue was reextracted 
with cold TCA and the fractions combined for the acid-soluble 
fraction. Nucleic acids were extracted from the residue with 
hot 5 per cent TCA. These extracts were hydrolyzed with 
HS0,, as described by Heinrich and Wilson (7), and purines 
were precipitated as copper salts (8). Free purines were re- 
generated with HS. An aliquot of the purine solution was 
evaporated for counting. Purine concentration was calculated 
from optical density measurements at 260 muy. 

The specific activities of creatine from skeletal muscle and 
cardiac muscle were determined as previously described (9). 


Vitamin E deficiency did not significantly influence the oxida- 
tion of formate to CO, as shown by the data in Table I. Similar 
observations have been made on rabbits (3). These results 
indicate that vitamin E deficiency does not seriously affect the 
size of the formate pool since the specific activity of expired 
CO, after the injection of (formate should reflect differences 
in pool size. Approximately 40 per cent of the injected C 
was expired as CO, over the 4 hour collection period. 

Specific activities of tissue nucleic acids and proteins are given 
in Table II. The only tissues significantly affected by vitamin 
E deficiency were skeletal muscle and bone marrow. In both 
these tissues vitamin E deficiency led to an increased incorpora- 
tion of formate into nucleic acids. Treatment of the animals 
with tocopherol seemed to reverse completely this metabolic 
lesion in bone marrow but only partially to reverse it in skeletal 
muscle, as judged by comparison of recovered animals with 
normal animals. Vitamin E deficiency had no consistent effect 
on the incorporation of formate into protein. 

The data in Table III show that the effects of vitamin E 


1 The abbreviations used are: RNA, ribonucleic acid; DNA, 
deoxyribonucleic acid; and TCA, trichloroacetic acid. 
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Tant I 
Specific activities of expired CO; after injection of sodium 
formate-C™ into monkeys 
Results are expressed as counts per minute per mg. of 
barium carbonate 
Interval after 
— — Normal animals | E-deficient animals Recovered animals 
hrs. 
0-1 377 500 473 
1-2 350 364 476 
2-3 145 177 194 
34 61 112 168 
Tant II 
Specific activities of nucleic acids and protein in monkey tissues 
after injection of sodium formate-C™ 
5 Specific activity of: 
Tissue Animals 
Nucleic acids Protein 
Liver Normal 31.1 30.3 
E-deficient 24.5 26.4 
Recovered 32.0 16.4 
Spleen Normal 8.0 18.5 
E-deficient 10.8 10.5 
Recovered 11.9 8.8 
Kidney Normal 23.1 | 19.7 
E-deficient 21.4 | 19.7 
Recovered 28.2 | 10.4 
Skeletal muscle Normal 2.3 | 3.0 
E-deficient 10.5 4.9 
Recovered 6.0 | 3.4 
Heart Normal 15.4 | 10.2 
E-deficient 12.3 5.4 
Recovered 22.3 5.6 
Small intestine Normal 32.4 24.6 
E-deficient 39.3 23.2 
Recovered 3.6 | 2.2 
Bone marrow Normal 38.1 | 26.8 
E-deficient 06.4 | $2.6 
Recovered 26.4 13.7 
Taste III 
Specific activities of monkey bone marrow RNA and DNA after 
injection of sodium ſormate- C 
Results are expressed as counts per minute per 
umole of phosphorus 
Animals RNA | DNA 
75 | 18 
E-deficient.............. 96 102 
Recovered................ | 5¹ 12 
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IV 
Specific activities of purines of monkey skeletal muscle 
Results are expressed as counts per minute per 


umole of purine 
Animals Acid-soluble purines Nucleic acid purines 
9.2 8.3 
E-deficien t 105.2 35.7 
Recovered ............... 18.8 5.8 
V 
Specific activities of monkey muscle creatine after injection of 
sodium formate-C™ 
Results are expressed as counts per minute per amole 
of creatine 
Animals |“ Skeletal muscle Cardiac muscle 
3.3 21.5 
E.-deficien nt 8.3 9.1 
Recovered................ | 2.2 17.8 


deficiency on the metabolism of nucleic acid from bone marrow 
were confined principally to DNA. The incorporation of for- 
mate into marrow DNA was elevated approximately 6-fold in 
the vitamin E-deficient animals and was restored to normal 
in the recovered animals. 

Vitamin E deficiency resulted in a greatly increased incorpora- 
tion of formate into the acid-soluble purines of skeletal muscle, 
as shown by the data in Table IV. This is quite similar to 
the finding in vitamin E-deficient rabbits (3). 

The data in Table V show that the incorporation of formate 
into skeletal muscle creatine was increased in vitamin E-de- 
ficient monkeys. This is similar to findings with vitamin E-de- 
ficient rabbits (9) and suggests that the creatinuria of vitamin 
E deficiency in the monkey may be due in part to an inability 
of the skeletal muscle to retain creatine. Vitamin E-deficient 
monkeys incorporated less formate into heart creatine than 
did normal animals. The explanation for this finding is not 
apparent. 

DISCUSSION 


It is of interest that by all criteria available the tissues most 
drastically affected by vitamin E deficiency in the monkey are 
skeletal muscle and bone marrow. The most obvious clinical 
signs of the deficiency are muscular dystrophy, anemia, and 
leukocytosis (1). Concentrations of nucleic acid in the deficient 
animals are elevated only in bone marrow and skeletal muscle 
(2). The present experiments indicate that the turnover rates 
of the nucleic acids are increased in skeletal muscle and bone 
marrow of the deficient animals but are unchanged in the other 
tissues. The results of these experiments again indicate the 
important role of vitamin E in regulating the metabolism of 


Vitamin E deficiency in monkeys led to an increased incorpora- 
tion of formate into the nucleic acids of skeletal muscle and bone 


was 
nucleie acid. 
SUMMARY 
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marrow, but it did not influence the incorporation of formate by deficient monkeys was confined mainly to deoxyribonucleic 
into the nucleic acids of the other tissues tested. The increased acid. Vitamin E deficiency did not affect the incorporation 


incorporation of formate into nucleic acids from bone marrow of formate into protein or the oxidation of formate to COs. 
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The fundamental importance of permeability or membrane 
transport in living cells has long been recognized. Within 
recent years, studies with bacterial cells have contributed 
richly to a better understanding of the mechanisms involved 
in the transport of organic molecules through membranes. 
Perhaps the most significant contributions have been those 
concerned with the thermodynamics of permeability (active 
transport) and with stereospecific permeation systems (per- 
meases). These concepts have been reviewed recently by 
Gale (1), Davis (2), and Cohen and Monod (3). 

In spite of the increased tempo of research in this area, little 
is known of the conditions that affect the transport of B vitamins 
into bacterial cells. A recent communication from this labora- 
tory (4) presented evidence which suggests that cells of 
Lactobacillus arabinosus have a limited permeability to biotin, 
and this may affect the rate of growth in the presence of sub- 
optimal levels of this vitamin. With the development of a 
highly sensitive microbiological assay technique for biotin, it 
became possible to perform direct measurements of this vitamin 
on small numbers of cells, thus permitting a reinvestigation of 
the transport of biotin into bacterial cells. The results obtained 
in the present study reveal that the transport of biotin into cells 
of L. arabinosus requires energy, and it is inhibited by a biotin 
homologue; thus, the system possesses the properties of active 
transport and stereospecificity. 

EXPERIMENTAL 

Methods—The organism studied was L. arabinosus strain 
17-5, and it was maintained by serial transfer every 7 to 14 
days on the synthetic medium of Wright and Skeggs (5) con- 
taining 0.5 Xx 10 yg. of biotin per ml. 

Preparation of Biotin Deficient Bacterial Cells—L. arabinosus 
was grown for 18 hours at 30° in Wright-Skeggs medium that 
contained 0.25 x 10 yg. of biotin per ml. The bacterial cells 
were recovered by centriiugation, washed once in saline, and 
then brought back to the original volume (5 ml.) with the same 
menstruum. 1 drop of this washed bacterial suspension was 
inoculated into 400 ml. of Wright-Skeggs medium contain- 
ing 0.25 X 10~ yg. of biotin per ml. This culture was incu- 
bated for 48 hours at 30°, after which time the bacterial cells 
were harvested by centrifugation, washed twice, and diluted 
with saline to give a turbidity of 800 to 850 in a Klett-Summerson 
photoelectric colorimeter fitted with a blue filter (400 to 450 my). 

Experimental Design—The washed suspension of biotin- 

* This study was aided in part by a contract between the Office 
of Naval Research, Department of the Navy, and the University 


of Minnesota, NR 103-250; and a grant from the National Insti- 
tutes of Health, United States Public Health Service (A-1442). 


deficient cells was added in 0.5 ml. amounts to 16 ml. cellulose 
nitrate tubes. To these were added 0.5 ml. of 0.02 M phos- 
phate buffer (pH 7), together with other materials such as 
biotin, homobiotin,' glucose, and iodoacetate when indicated. 
All the tubes were brought to a final volume of 2 ml. by the 
addition of appropriate amounts of distilled water. After in- 
cubation at 37° in a water bath for 2 hours, the cells were recov- 
ered by centrifugation, washed three times in 2 ml. volumes of 
saline, and then brought to a volume of 6 ml. with distilled 
water. 5 ml. of each cell suspension was then centrifuged and 
4.25 ml. of the supernatant solution were removed by pipette. 
The cells were then suspended in the remaining 0.75 ml. of fluid 
and 0.25 ml. aliquots were distributed into 0.3 ml. micro tubes, 
These in turn were centrifuged, the supernatant portion dis-. 
carded and the cells dried and stored in vacuo over Drierite. 

Hydrolysis of Dried Bacterial Cells—5 ul. of 6 * H,SO,. were 
added to each of the tubes containing the dried cells of L. 
arabinosus. The tubes were capped with rubber and auto- 
claved for 1 hour at 121°. The hydrolysates were neutralized 
with 5 ul. of G * NaOH, and were brought to volumes of 100 ul. 
— buffer (pH 6.8). 
Microbiological Assay for Biotin.— These assays were carried 
out on suitable aliquots of the hydrolysed cells by the use of a 
recently developed sensitive technique“ which allowed direct 
measurement of biotin in the range of 10~* to 10-* yg. IL. 
arabinosus was employed as the assay organism. 


The data of several representative experiments are presented 
in Table I. Although each experiment was performed with a 
different culture of biotin-deficient bacterial cells, there was a 
remarkable consistency in the biotin levels of such cells (1.4 to 
19 X 10 yg.). It is to be noted that the amount of biotin 
taken up by the bacterial cells after incubation with the same 
concentration of the vitamin for 2 hours varied from experiment 
to experiment, the range being from 5.8 to 18.4 x 10 yg. 
The addition of glucose in the presence of added biotin resulted 
in further increases that were approximately 2- to 4-fold, and 
significantly, the effect of glucose was inhibited completely in 
the presence of iodoacetate. It is pertinent to note that glucose 
or iodoacetate had no effect on the biotin level of the cells when 
they were present in the absence of added biotin, and iodoacetate 
caused only a relatively small decrease in biotin uptake in the 
absence of added glucose. Of most significance, perhaps, was 


1 The side chain of homobiotin contains five CH, groups instead 
of four, as in biotin. 

* D. Glick, H. C. Lichstein, and R. B. Ferguson, in prepara- 
tion. 
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Tas.e I 
Effect of various substances on permeability of 
Lactobacillus arabinosus to biotin® 
Experiment No. 
Additions i | 2 | 3 | 4 | 8 
Biotin 10%. 
1.9 1.4 1.6 1.7 1.8 
Biotin, 1 X 10 g. 15.1 | 7.2 20.0 18.0 11.5 
Biotin + glucose, I 35.5 21.0 39.2 34.8 48.6 
Biotin + glucose + iodoace- 

16.5 11.4 
Biotin + glucose + homobio- 

24.0 18.3 
Biotin + glucose + homobio- 

10.8 5.7 
Biotin + glucose + homobio- 

3.8 2.5 
Biotin + glucose + homobio- 

1.8 
1.7; 1.5 1.8 
Iodoacet ate 1.7 1.8; 1.9 
Homobiotin, Ig. + glucose 1.6 1.8 
Homobiotin, 10 ug. + glucose 1.6 1.6 
100 ug. + glu- 

Homobictin, 500 ug. + glu- 

1.7 

Biotin + iodoacetate.......... 15.0 7.9 


* Cells incubated at 37° for 2 hours with or without additions 
before assay for biotin, as described in the text. 

t We are indebted to Roche Laboratories, Inc. for generous 
supplies of homobiotin. 


the finding that the presence of homobiotin in appropriate 
concentrations resulted in complete inhibition of biotin uptake 
by cells of L. arabinosus, whereas at the same time it had no 
effect on the basal level of this vitamin in the deficient cells. 


The significant experimental findings are as follows. The 
uptake of biotin by cells of L. arabinosus, suspended in a buffered 
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solution of this vitamin was increased markedly by the pres- 
ence of glucose; the entrance of biotin into the cells was pre- 
vented completely by the addition of homobiotin; and the in- 
creased uptake of biotin caused by the presence of glucose was 
inhibited by the addition of iodoacetate. 

The results with glucose and iodoacetate suggest that active 
transport is involved in the permeability of L. arabinosus to 
biotin. This conclusion seems inescapable since the effect of 
glucose was counteracted completely by iodoacetate in appro- 
priate concentrations, presumably because of the well recognized 
action of this inhibitor on glycolysis. The fact that iodoacetate 
caused only a relatively small inhibition of biotin uptake by 
the bacterial cells in the absence of added glucose suggests that 
the energy in this case arose primarily from preformed levels of 
adenosine triphosphate, and that it arose only secondarily from 
dissimilation of stored nutrients. 

The data obtained with homobiotin reveal that an effective 
antibiotin can prevent completely the penetration of biotin into 
the bacterial cells, thus agreeing well with the concept of 
stereospecific permeation systems (3). Furthermore, the molar 
inhibition ratio of homobiotin to biotin in L. arabinosus, using 
growth as a parameter, was found by Goldberg et al. (6) to be 
43,000, which approximates the ratio found in this present 
study which used penetration of biotin into the bacterial cells as 
the criterion. 

Finally, it is reasonable to assume that further studies on the 
permeability of cells to B vitamins will be of value in providing 
a better understanding of the physiological functions of these 
compounds. 


A study was made of factors influencing the uptake of biotin 
by cells of Lactobacillus arabinosus suspended in a buffered 
solution of this vitamin. It was found that the penetration of 
biotin was increased by the presence of glucose and that the 
effect of this carbohydrate was inhibited by the addition of 
iodoacetate. Homobiotin, an effective antibiotin for this organ- 
ism, completely inhibited the entrance of biotin into the bac. 
terial cells. The results are in keeping with the concepts of 
active transport and systems of stereospecific permeation. 
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Factor 3, recognized in 1951 as n separate dietary agent (I), 
has recently been shown to be an organic selenium compound 
(2). It is effective at very small dose levels and is replaceable 
in the diet by relatively small amounts of inorganic selenium 
compounds. The factor protects against various deficiency dis- 
eases which hitherto have been thought to be solely attributable 
to a deficiency of vitamin E. Factor 3 may be of widespread 
biological significance. Thus far, it has been shown to prevent 
dietary liver necrosis in the rat and multiple necrotic 
tion (heart, liver, muscle, and kidney necrosis) in the mouse (3), 
as well as fatal exudative diathesis in the chick (4, 5) and in the 
turkey; it can be expected to be effective against similar defi- 
ciency diseases in other species. Recently, for example, it was 
shown to prevent dietary liver necrosis in the pig (6). 

The present paper deals with the chemical specificity of the 
Factor 3 effect. In general there is a close analogy between 
selenium chemistry and that of sulfur; the known types of inor- 
ganic and organic selenium compounds are formally very similar 
to those of the latter element (7). The biopotency of inorganic 
selenium compounds, selenium amino acids, and numerous other 
organic selenium compounds was determined by the dietary Fac- 
tor 3 test against liver necrosis. The results were compared to 
those obtained with a purified a-Factor 3 preparation which was 
standardized in the animal test and accurately analyzed for 
selenium by activation analysis (8). Large differences of potency 
were found and certain trends regarding the chemical specificity 
of the effect have been established. a-Factor 3 is considerably 
more potent than any other selenium-containing substance 
tested. 


The assay procedure for Factor 3 has been described else- 
where (9). For the current studies, inbred, weanling rats of the 
Fischer 344 strain were used throughout.' The average survival 
time of these animals on the necrosis-inducing diet is about 21 
days. The predepletion method was used. The animals were 
kept together in sets of five per cage on the basal diet. On the 
13th day, they were separated and supplementation of the test 
compounds was started. Assays were arranged so that sets of 
8 to 20 groups, with 10 animals each, were started twice weekly. 
A control group on the unsupplemented basal ration was run 
concurrently with each set, and results of each assay were eval- 
uated against the simultaneous control. The 30th day was used 


The of the Animal Production Section, National 
Institutes of Health, United States Public Health Service, is 
acknowledged. 


gratefully 


as cut-off time, since only a small percentage of unprotected 
animals survives this period. Frequently, duplicate tests were 
performed. Duplicate tests and control groups pertaining to 
each tested preparation were pooled; the weighted averages were 
used for evaluation. 

The percentual composition of the basal diet was: Torula 
yeast, 30, sucrose, 59; vitamin E-free lard, 5; salt mixture (10), 
5; vitamin mixture, 1.2. The selenium compounds were dissolved 
either in water, dilute sodium bicarbonate solution, or ethanol, 
and were added to the diet by thorough mechanical mixing. In 
some instances triturations with lactose were used. The in- 
dividual selenium compounds, successively labeled a to z, and 
their sources are given in the tables. All substances were tested 
at a series of dose levels. With increasing amounts of an active 
substance a dose response curve is obtained. In the tables only 
those supplement levels are presented which were pertinent for 
the establishment of the relative potency of each compound. 
For a quantitative comparison, the average velocity (Var 
100/survival time) of the development of the disease was calcu- 
lated for each group and the degree of protection produced by 
the supplement is expressed as the percentage of the reduction 
of the velocity as compared to the Ver of the control (11).2 For 
each selen um compound, the dose level was calculated which 
produced 50 per cent protection when added to 100 gm. of diet. 
The symbol EDs is used for this 50 per cent effective dose 
level. The value for the EDs of each compound was com- 
puted from the results which fell on the ascending part of 
the dose response curve (between 15 per cent and 85 per 
cent protection). The ED values obtained in this way are ex- 
pressed in micrograms per cent of selenium.‘ These values con- 
the purpose at hand. 


* The vitamin mixture used in all diets throughout these studies 
differs slightly from that previously reported. Its composition 
is: lactose 88.68 gm.; thiamine HCl, 40 mg.; riboflavin, 25 mg.; 
pyridoxine HCl, 20 mg.; p-calcium pantothenate, 200 mg.; choline 
chloride, 10 gm.; niacin, 1 gm.; menadione(2-methyl-1 ,4-naptho- 
quinone), 10 mg.; folic acid, 20 mg.; biotin, 10 mg.; and vitamin 
Bis, 1 mg. Vitamin A acetate (1 mg. per cent) and vitamin D 
(0.01 mg. per cent) were added to the diets. 

Ver experimental 

Per cent protection = 100 — 100 & — 

* The EDs, i.e. the amount of Factor 3 necessary in 100 gm. of 
diet to yield 50 per cent protection in the Fischer animal, is identi- 
cal with 33 daily units of Factor 3 for the Sprague-Dawley strain 
of rats (9). A detailed description will appear in the future. 
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I 
a-Factor 3 preparation from pork kidney powder (Compound a) 
Dose (mg./100 gm. of diet) | e supplied (ug-/100 gm. Protection 
% 

2 0.40 24 

3.9 0.8 52 

5.9 1.2 89 

7.8 1.6 100 


RESULTS AND DISCUSSION 


a-Factor 3—A fraction of a-Factor 3 from pork kidney powder 
(2)* was thoroughly tested in the animal assay against liver 
necrosis, and its selenium content was accurately established by 
activation analysis. A value of 4.3 + 0.2 yg. of selenium was 
found in 21.6 mg. of dry weight. In Table I are listed the 
results obtained in the animal assay, with 30 rats per dose level. 

From these data it follows that 0.72 g. of selenium, in the form 
of a-Factor 3, is required in 100 gm. of diet to afford 50 per cent 
protection (EDs. = 0.7 yg. per cent of selenium). The result 
is in good agreement with an average of 0.73 Ag. per cent for 
the EDso calculated from the selenium contents of three dif- 
ferent purified a-Factor 3 fractions which were analyzed pre- 
viously by a colorimetric method (2). The figure constitutes a 
base-line for the subsequent comparisons. 

Inorganic Selenium Compounds—The assays with inorganic 
selenium compounds are shown in Table II. Elementary 
selenium (b) is almost inactive. The small effect seen at high 
doses of the element could be caused by a number of reasons: 
Traces of an active form of selenium, such as SeO,, may be 
present in the sample; a small portion of the elementary material 
may be converted into an active substance in the diet or in the 
gastrointestinal tract; or it may be that the element is absorbed 
as such and assimilated within the organism. The observation 
that 100 g. per cent elicits 55 per cent protection, but that 
even 1000 yg. per cent does not provide complete protection, 
would indicate that the effect is mediated by some mechanism 
with a limited capacity. Selenite has been reported previously 
to be effective (2); the ED, for selenite (c) was found to be at 2.2 
ug. per cent of selenium. This level is equivalent to a daily 
dose of approximately 0.14 yg. of selenite selenium per animal. 
Selenium dioxide (d), the corresponding anhydride, was slightly 
less active. The deficit in activity relative to selenite could 
be attributed to the fact that SeO, is notoriously sensitive to 
reduction to elementary selenium. The sample tested was 
freshly resublimed with HNO, (12). Another influence less- 
ening the activity may be the volatility of the compound. 

Preliminary results suggestive of a lower potency for selenate 
have been published (2); a commercial sample of selenate had 
been used for these tests.“ The observation seemed anomalous 
in view of the consideration that selenate is readily reducible 
to selenite. More careful studies have now shown that selenate 
(e) and free selenic acid (f) are equivalent to selenite in activity. 
These materials were freshly prepared by treatment of silver 


5 In acid hydrolysates of kidney powder, at least two chemically 
different but related components showing Factor 3 activity have 
been detected. These have been designated a- and 8-Factor 3 
(K. Schwarz, L. H. Mason, and C. M. Foltz, to be published). 
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selenite with a slight excess of bromine and subsequent removal 
of the latter by aeration (13). Sodium selenide (Na, Se) proved 
to be too unstable for testing. It is oxidized to elementary 
selenium when exposed to air. The selenium analogue of 
thiocyanate, selenocyanate (g), however, is stable and could 
be assayed. It produced protection against necrotic liver de- 
generation at levels which are equivalent to those of selenite 
selenium (ED. = 2.1 wg. per cent of selenium). 

It is evident from these results that the potencies of selenium 
in selenate, selenite, and selenocyanate to prevent death from 
liver necrosis are of the same order of magnitude; the ED, of 
these three forms is approximately 2 yg. of the element for 100 
gm. of diet. It is seen below that numerous organic selenium 
compounds show activity in approximately the same dose range. 
The potency of all these substances, however, amounts only to 
about one-third of that of the a-Factor 3 

Selenium Amino Acids—In accordance with the rule that 
selenium chemistry is analogous to that of sulfur, selenium is 
jcapable of substituting for the latter in sulfur amino acids. 
„The results obtained with various selenium amino acids (Table 
III) show that these substances produce a pronounced protective 
effect against liver necrosis. Selenocystine (d and i), seleno- 
cystathionine (j), and selenomethionine (k) are not significantly 
different from each other in their activities. Their EDs values 
are quite similar to that of selenite. Selenium levels of 2 to 
2.4 wg. per cent are 50 per cent effective. 4 yg. of selenium as 
selenocystathionine affords 100 per cent protection. A com- 
parison of these results with those for a-Factor 3 indicates that 
the selenium amino acids are different from a-Factor 3. They 


synthetic. By means of paper chromatography 
amino acids have been shown to occur in seleniferous plants (14). 
Such plants are able to accumulate large, toxic amounts of 
selenium from the soil (15). However, in spite of several at- 
tempts the two amino acids have not been isolated chemically 
(16). Recently, small quantities of selenocystine and seleno- 
methionine have also been detected in the liver of a dog after in- 
jection of radioactive selenite (16). Selenocystathionine, on the 
other hand, has not been synthesized. It was isolated in 1941 by 
Horn and Jones (15) from seleniferous wheat as an isomorphous 
mixture containing 2 molecules of selenocystathionine to 1 
molecule of the sulfur-containing cystathionine.’ 

Substitution of one-half of the selenocystine molecule by a 
phenyl group considerably diminishes the biological potency; 
phenylselenocysteine (1) shows only one-third of the potency 
of the unsubstituted selenium amino acid (EDy = 6.5 pg. 
per cent of selenium). 

Other Organic Selenium Com pounds—Substances representative 


* Certain commercial selenium compounds are highly impure 
and should not be used without careful analyses. The sample of 
potassium selenate used for the previous experiments (obtained 
from the Fisher Scientific Company) consisted of 2 per cent sele- 
nium as selenite and 3.1 per cent selenium as selenate (theory: 
35.7 per cent selenium as selenate). Analysis of another com- 
mercial sample of selenate (obtained from A. D. Mackay, Ine.) 
revealed that it contained 14.5 per cent selenium as selenite and 
15.3 per cent selenium as selenate. 

Paper electrophoretic studies have confirmed the nature of 
this material (M. Malm and K. Schwarz, unpublished). 


— 


are significantly less potent. 

| The samples of selenocystine and selenomethionine were 
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Taste II 
Inorganic selenium compounds 
Compound Selenium 
(b) Selenium* (gray modification) 0 0 3s 33 0 | 
50 w | Is 11 36 | 320 
| 100 100 | 17 8 | 53 | 
(c) Sodium selenite*: | 0 0 44 40 0 | 
Nas, | a 1 10 8 18 | 
3.3 1.5 15 11 26 
| 2 20 0 16 2.2 
| 13 | 6 30 I | 97 
| | 
Selenium dioxide*: * | 0 | 0 37 32 | 0 
— | 20 10 33 3.2 
4.2 | 3 10 6 41 
5.6 | 4 10 4 66 
10 | 10 19 0 100 
| 
„% Sodium selenate* | 0 | 0 10 9 0 
Na,SeO, 2.4 I 9 9 0 
| * — 5 55 1.8 
| 6.2 3 10 ae 
| 9.6 ‘ 10 55 
V Selenic acid- | 0 | 0 20 19 0 
11.80. 1.8 10 9 14 
| 5.5 3 10 1 | 60 
(g) Potassium selenocyanate*:* | 0 0 30 27 | 0 
7.3 4 10 3 80 
18 10 10 0 | 100 | 
. Preparations used 


* Incorporated in diets as an aqueous solution. 
* Freshly sublimed. 
* Delta Chemical Works, Inc, New York, New York. 
Incorporated in diets as a trituration with lactose. 
* A. D. Mackay, Ine., New York, New York. 

t Dose level for 30 per cent protection. 


of several other classes of synthetic organic selenium compounds 
are listed) in Table IV“ The Factor 3 activity of these materials 
ranges from ineffectiveness to high degrees of activity. Phenyl 
selenide (m) shows only approximately | to 2 per cent of the 
biopotency established for selenite and the selenium amino acids. 
The finding ix in good agreement with the depression of the 
activity of selenocystine by phenyl substitution. That the 


* These substances were selected as representative examples 
from a larger number of compounds analyzed (K. Schwarz and 


CM Foltz, to be published). 


groups attached to the selenium in organic compounds exert a 
profound influence on its activity against necrotic liver degenera- 
tion is clearly evident from the result with 3-(4’-chloro-2’- 
nitrophenylseleneny!)acetophenone (n). Except for Factor 3 
this substance is decidedly more potent than any of the other 
compounds described here (EDs = 1.34 ye. per cent of se- 
lenium). The finding strengthens the concept that there is an 
appreciable degree of structural specificity in Factor 3 activity. 
In contrast to phenyl selenide, dibenzy! diselenide (o) and als> a 
triselenide, bix(2-nitro-4-methylphenyl) triselenide (p), are quite 
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Tast III 
Selenium amino acids 
Compound dead Protection EDet 
Compound | Selenium 2 2. 
% * — at. Se/100 gm. dia 
(A) pu-Selenocystine*: » 0 0 19 18 0 
HOOC-CH(NH;)CH;SeSeCH;CH(NH;)COOH 2.1 1 10 8 24 
4.2 2 10 7 36 2.4 
8.4 4 10 2 si 
21 10 10 1 AS 
(i) pu-Selenocystine hydrochloride*: ¢ 0 0 30 27 0 
HOOC- CH (NH. - CH, SeseC H, CH (NH. HCH COOH 2.6 1 10 8 19 
3.9 1.5 10 6 2 6 
5.2 2 10 5 55 2.3 
11 4 10 3 73 
16 6 10 1 So 
26 10 10 0 100 
(j) Selenocystathionine*: 4 0 0 37 33 0 
HOOC-CH(NH;)CH,SeCH:CH(NH;)COOH 4.9 1 10 7 24 
9.7 2 18 10 46 2.0 
15 3 10 2 si 
19 4 20 0 100 | 
(k) pt-Selenomethionine*: © 0 0 20 18 
CH, Se CH. CH. CH (NH.) COOH 2.5 1 10 7 a 
5.0 2 10 6 3 2.3 
9.9 4 10 2 2 
25 10 10 0 100 
(l) Phenylselenocysteine*: ¢ 0 0 2 17 0 | 
6.2 2 10 | 
12 4 10 7 _ 4 6.5 
31 10 10 3 1 
| 62 | 2 10 | 0 100 | 
* Preparations used: 


* Incorporated in diets as an aqueous solution. 


> Supplied by Dr. A. A. DiSomma, Columbia University, New York. 
* Supplied by Dr. O. E. Olson, South Dakota State College, Brookings, South Dakota. 
4 Supplied by Dr. M. J. Horn, United States Department of Agriculture, Beltsville, Maryland. 


Dose level for 50 per cent protection. 


effectively utilized for protection against liver necrosis. Both of 
these compounds reach the 50 per cent protection mark at dose 
levels of about 3 ug. per cent of selenium. Bis(2-nitro-5- 
methylphenylseleneny]) sulfide (q) contains a sulfur atom between 
two selenium atoms. The compound is otherwise quite similar 
to the foregoing triselenide, but it is almost twice as effective as 
the latter. This apparent enhancement of Factor 3 potency by 
introduction of a sulfur atom adjacent to selenium is noteworthy 
in connection with the observation that the catalytic effects of 
selenium in certain electron transfer systems in vitro, for example 
in the reduction of methylene blue by sodium sulfide, are said 
to be caused by a mixed S-Se compound (18). 

The decisive effect of substituents on the Factor 3 activity of 
selenium compounds is also evident in the series of benzene- 
seleninic acids, organic derivatives of selenious acid. This class 
constitutes the main group of organic oxyselenium acids. The 
EDso for benzeneseleninic acid (r) is 6.7 ug. per cent of selenium. 
Introduction of a nitro group in the para position enhances the 


potency. 4-Nitrobenzeneseleninic acid (e shows an EDy of 4.1 
ug. per cent of selenium. A second nitro group, adjacent to the 
selenium atom, further increases the activity ; 2, 4-dinitrobenzene- 
seleninic acid (t) shows an EDy of 2.2 we. per cent of selenium. 
Introduction of a carboxyl group in the para position to form 
4-carboxybenzeneseleninic acid (u) has the opposite effect; it 
eliminates the activity. The anomaly is not unique since a de- 
crease in physiological or pharmacological activity on the intro- 
duction of a carboxyl group is frequently observed (19). The 
loss of activity is not primarily a result of the electrical effect on 
the molecule, but may be related to the fact that carboxyl com- 
pounds are very efficiently excreted by the mammalian organism. 
2-Selenouracil (c), the analogue of 2-thiouracil, was found to 
be inactive when added to the diet in a water solution. The 
substance proved to be unstable, as seen from the precipitation 
of red elementary selenium. Hence, it was also tested as 6 
trituration in lactose (w). There is some effect but the sub 
stance is poorly active and produces variable results in the di- 
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Taste IV 


Organic selenium compounds 


Amount in diet 


— — — 


(m) Phenyl selenide*: * 
„ jacet 


— 


— — 


Dibenzyl diselenide*: ¢ 
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— 
ii 822 —— S 
i 882888 8228888 82288 8888 
2 


CH 


% Bis(2-nitro-5-methylphenylselenenyl) sulfides: 


1— — 
© — 
8888 

— 
822 882222 
2288 88888 


„ Benzeneseleninic gecid- 


„ 4-Nitrobenzeneseleninic acid*: ‘ 


E 2 
3 F 
— 
8232 288 
8 
8 8 8888 88888 
888 28838 
£29 
— 
-O= 


nic acid“ 


2.4-Dinitrobenzeneseleninic acid“ 


(ua) 4-C 


() 


(©) 2-Selenouracil*: * 


No.1 


| 
No. of 
( omy owned 
c 
diet 
| | 
ophenone*: 
NC 
NO: 
2.9 I 10 9 0 
N ON 
* * 44 1.5 20 15 30 1.6 
— 5.9 2 10 3 74 
E S . 8.8 3 10 0 100 
CH, CH, 
0 
— 
— 9 
— 21 
is 
0 
5. 
OwW—C — 80.11 12 
of 4.1 4 
18 
9 30 
ene. 
num. 
form 
it 
a de- 
ntro- — 
The | 
t on roxy benzeneseleni 
Hoc @ 
The 
as 6 HN — 
sub- 
di- 
NH—CH | | | | 
249 


Factor 3 Activity of Selenium Compounds 


Taste 1V—Coneluded 


Compound* animals dead Protection EDet 
nt. % at. % pt. Se/100 gm. diet 
(w) 2-Selenouracil®: ‘ 0 0 20 18 0 
22 10 10 8 22 About 60 
44 20 8 6 22 
221 100 10 0 100 
(r) 6-Selenopurine*: * 0 0 20 19 0 
2 5.5 2 19 17 12 
8.2 3 10 5 55 2.9 
. 11 4 10 3 65 
2s 10 10 0 100 
* 
N—C—NH 
(% Octafluoroselenophane*: ! 0 0 10 9 0 
354 100 ‘ 8 0 Inactive 
7 1062 300 10 10 0 
F.C CF; 
Se 
(z) 3,6-Dicarboxy-1 ,2-diselenane*: 4 0 0 20 0 0 
191 100 10 N 0 
HOOC~ . ® COOH 573 300 10 9 21 Inactive 


* Preparations used: 
* Incorporated in diets as an ethanolic solution. 


> Eastman Organic Chemical No. 4317, Eastman Kodak Company, Rochester, New York. 
Supplied by Dr. P. Senise, University of Sao Paulo, Sao Paulo, Brazil. 

4 Supplied by Dr. O. E. Olson, South Dakota State College, Brookings, South Dakota. 

¢ Incorporated in diets as a solution in very dilute sodium bicarbonate solution. 
Supplied by Dr. J. P. Limongi, University of Sao Paulo, Séo Paulo, Brazil. 


© Incorporated in diets as an aqueous solution. 


Supplied by Dr. H. Mautner, Yale University, New Haven, Connecticut. 


Incorporated in diets as a trituration with lactose. 


i Supplied by E. I. du Pont de Nemours and Company, Inc., Wilmington, Delaware. 


t Dose level for 50 per cent protection. 


etary assay. 6-Selenopurine (z), on the other hand, is quite 
potent. It exhibits an EDs of 2.9 yg. per cent of selenium. 
The latter two substances were synthesized by Mautner (20) for 
biological testing because of their interest and potential use- 
fulness as chemotherapeutic agents. The results with 6-sele- 
nopurine, which is analogous to 6-mercaptopurine (21), indicate 
that it is readily utilized as a source of selenium. 

Two compounds containing selenium as a member of ring 
structures, octafluoroselenophane (% and 3,6-dicarboxy-1 ,2-di- 
selenane (z), were ineffective even at high dosage levels. The 
inactivity of the saturated diselenane is remarkable; it seems 
theoretically feasible that the substance could be converted into 
an aliphatic selenium derivative by reduction of the Se-Se 
group to SeH. 


CONCLUSIONS 
A considerable degree of chemical specificity is evident in the 
protective effect of various selenium compounds against necrotic 
liver degeneration. Only certain substances are active, whereas 
others are not. In general, it is obvious that the differences in 


activity observed in these dietary assays can be the result of a 
variety of reasons. A compound may be instable in the diet 
and thus be converted to an inactive form (e.g. 2-selenouracil). 
Differences in absorbability also play an obvious role. Me- 
tabolic inertness or side-tracking of a compound in metabo- 
lism may play an important part in the ensuing effects (eg. 
the various benzeneseleninic acids). The gross differences in 
potencies may simply be a measure of the chemical availability 
of the selenium itself for metabolic purposes. 

Most inorganic selenium compounds, the selenium amino acids, 
and several other synthetic organic selenium compounds afford 
50 per cent protection at levels of 2 to 3 yg. of selenium per 100 
gm. of diet. The organism of the rat can handle these relatively 
small quantities of selenium effectively, even though they are 
derived from very different types of materials. It seems possi- 
ble that, on the whole, substances showing the ED» of 2 to 3 
us. per cent of selenium are assimilated through the same 
metabolic channels. 

In the dietary assay a-Factor 3 is the most effective selenium 
compound known thus far. It must be assumed that selenium, 
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in the form of a compound closely related to Factor 3, 
acts catalytically in intermediary metabolism. The exact site of 
action and the chemical nature of the metabolically active form 
are not known at present. However, from metabolic studies it 
could be inferred that the site of action may be sought in the 
respiratory enzyme systems of the cell, ie. in electron transfer 
(22). It seems plausible that the greater biopotency of Factor 
3 may result from the fact that it is more closely related to the 
metabolically active form; thus, it could be incorporated more 
readily and more effectively at the active site. 

Since the Factor 3 potencies of various selenium compounds 
are so widely different, it is not possible to draw conclusions from 
wlenium analyses as to the Factor 3 activity of dietary ingredi- 
ents. Selenium estimations may produce values inconsistent 
with the biopotency if the element is present in an inactive form. 
The animal experiment presently remains the only feasible 
method for the assay of Factor 3 activity. 


The Factor 3 activity of a variety of selenium compounds has 
heen measured by the prophylactic rat test against dietary ne- 
crotic liver degeneration. From assays at different doe levels, 
the 30 per cent effective level (ED. for each compound was 
calculated and expressed in micrograms per cent of selenium, 
ie. micrograms of the element necessary in 100 gm. of diet to 
afford 50 per cent protection. The activity of the compounds 
was compared with that of a concentrate of a-Factor 3 from 
kidney powder. The selenium content of the latter was ac- 
curately established by activation analysis. 

A considerable degree of chemical «pecificity was found. a- 
Factor 3 is more potent than any other selenium compound 
tested; its EDS is 0.7 pe. per cent of selenium. Elementary 
«lenium is practically ineffective. 

A large group of inorganic and organic compounds showed an 
EDy of approximately 2 to 3 yg. per cent of selenium. Selenic 
acid, selenate, selenium dioxide, selenite, and selenoeyvanate belong 
in this category. 

Selenium analogues of sulfur amino acids (selenoevstine, 
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selenocystathionine, and selenomethionine) are on the same ac- 
tivity level (ED,. = 2 to 2.5 wg. per cent of selenium). The 
biopotencies of dibenayl diselenide, bis(2-nitro-4-methylpheny]) 


Introduction of nitro groupe into benzeneseleninic acid en- 
hances the activity, whereas substitution of a carboxy! group in 
the para position completely abolishes the biological effect. 
Octafluoroselenophane and 3 ,6-dicarboxy-1 ,2-diselenane are in- 
active. 


Two synthetic compounds, 3-(4’-chloro-2’-nitrophenylsele- 
nenyl)acetophenone 
sulfide, showed biopotencies exceeding that of selenium amino 
acids and of selenite, but they are distinctly less active than 
a-Factor 3. The significance of these findings is discussed. 


The authors are grateful to Dr. W. C. 
Alford and associates of the Analytical Service Laboratory of 
the National Institutes of Health, United States Public Health 
Service, for analyses performed in connection with this work; to 
G. W. Leddicotte of the Oak Ridge National Laboratory, Oak 
Ridge, Tennessee, for activation analyses; and to the following 
for generous samples of organic selenium compounds: Dr. A. 
A. DiSomma, Columbia University, New York; Dr. O. E. 
Olson, South Dakota State College, Brookings, South Dakota; 
Dr. M. J. Horn, United States Department of Agriculture, 
Beltsville, Maryland; Dr. P. Senise, University of Sao Paulo, 
Sah Paulo, Brazil; Dr. J. P. Limongi, University of Sao Paulo, 
Sao Paulo, Brazil; Dr. H. Mautner, Yale University, New Haven, 
Connecticut. The authors also wish to acknowledge the efficient 
technical assistance of E. E. Roginski, C. E. Lee, and H. H. 
Parker. 


Addendum—Recently, G. Bergson postulated that the sele- 
nium analogue of thioetice acid, ie, 6-selenoctie acid, may be 
identical with Factor 3 (23). However, this compound was found 
to be less potent than most substances listed above ED = 3.7 
pe. per cent of selenium). 
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The Urinary Excretion of Formic Acid and F ormiminoglutamic 
Acid in Folic Acid Deficiency’ 


Jesse C. Rapinowrrzt AND Hersert Tasor 


From the National Institute of Arthritis and Metabolic Diseases, National Institutes of Health, 
United States Public Health Service, Bethesda, Maryland 


(Received for publication, February 5, 1958) 


In previous investigations it was shown that in folic acid 
deficiency there is a large increase in the urinary excretion of 
formimino-t-glutamic acid (1-6). This increase has been 
explained by recent enzymatic studies demonstrating that the 
first step in the metabolism of formimino-1t-glutamic acid is the 
transfer of the formimino group to tetrahydrofolic acid (7-9). 
Formimino-t-glutamic acid is an intermediate in histidine 
metabolism (10, 11), and the urinary excretion of this com- 
pound in folic acid deficiency can be increased by the administra- 
tion of t-histidine (3). Experiments with N"*-labeled histidine 
demonstrated that the urinary formimino-1t-glutamic acid was 
derived from histidine (3). 

In the present work we have demonstrated that, in addition 
to formimino-1-glutamic acid, there is a large increase in the 
excretion of formic acid in the urine of folic acid-deficient rats; 
in contrast to the results with formiminoglutamic acid, this 
formic acid is not derived from histidine. Our current studies 
have been facilitated by the recent development of sensitive 
spectrophotometric methods for the determination of formic 
acid (12) and formiminoglutamic acid (13). 


EXPERIMENTAL 


Formic acid was assayed enzymatically (12) with tetrahydro- 
folic acid formylase,' which catalyzes the formation of 10-for- 
myltetrahydrofolic acid in the presence of adenosine triphosphate, 
tetrahydrofolic acid, and formic acid. The 10-formyltetra- 
hydrofolic acid formed was converted by acid to 5,10-meth- 
enyltetrahydrofolic acid, which was quantitatively determined by 
measuring its absorption at 350 my. Formimino-1-glutamic 
acid was measured in a similar manner by the formation of 10- 
formyltetrahydrofolic acid in the presence of formiminoglu- 
tamic acid transferase, cyclodeaminase, tetrahydrofolic acid, 
and phosphate buffer (7). Details on these procedures have 
been presented elsewhere (7, 12, 13). 

Formiminoglutamic acid was synthesized as previously de- 
scribed (14). Isotopic histidine (imidazole-2-C") was synthe- 
sized by a modification of the method of Tesar and Rittenberg 
(15). Radioactivity determinations were carried out at infinite 
thinness by means of a gas flow counter. 


*A preliminary report on this work was presented by J. C. 
Rabinowitz at the Gordon Conference on Vitamins and Metabo- 
lism, August 12, 1957. 

t Present address, Department of Biochemistry, University of 
California, Berkeley 4, California. 

1 The preparations used in these experiments were supplied by 
Mr. W. E. Pricer, Jr. 


The folic acid-deficient, succinylsulfathiazole-containing diet 
previously used (16) was modified as recommended by E. 
McDaniel? it contained sucrose (710 gm.), casein (180 gm.), 
salt mixture (40 gm.), ferric citrate-5 HO (10 gm.), CuS0O,. 
5 HO (400 mg.), Crisco (Proctor and Gamble) (50 gm.) 
Natola (Parke-Davis) (2.5 ml.), choline chloride (2 gm.), folie 
acid-free vitamin mixture (5 Km.), and succinylsulfathiazole 
(10 gm.). 

A total of 12 female rats (Sprague-Dawley strain) were divided 
into two equal groups at weaning (“‘deficient” and “supple- 
mented”) and placed on the succinylsulfathiazole-containing, 
folic acid-deficient diet. Each rat in the “supplemented” 
group received three times each week by pipette an oral supple- 
ment of 0.25 umole of folic acid. The diet was fed ad libitum 
except as indicated below. 

Urine collections were made each week in accordance with the 
following procedure. Each rat received 1 ml. of water by 
stomach tube and 5 ml. of 0.15 u NaCl by an intraperitoneal 
injection (to increase the urine volume); the urine was then 
collected for 7 hours in a metabolism cage. After an interval 
of 3 days another urinary collection was made for 7 hours from 
the same rats after the administration of 1 ml. of 0.05 u 
histidine by stomach tube and 5 ml. of 0.15 M NaCl by an intra- 
peritoneal injection. After collection, the urine was stored at 
—20° until it was assayed. 

Average values for the excretion of formiminoglutamic acid 
and of formic acid in the normal and the folic acid-deficient rats 
are presented in Fig. 1A. The exeretion of formiminoglutamic 
acid (per 7 hour collection period) increased during the course 
of the deficiency from a normal value of 0.22 molle (range 0 to 
0.7 umole) to 36.5 wmoles. After supplementation with folic 
acid, this excretion decreased to 0.07 ymole. The validity of 
the enzymatic assay for formiminoglutamic acid in these urines 
was confirmed by paper chromatography, by alkaline hydrolysis, 
and by colorimetric assay with the alkaline ferrocyanide-nitro- 
prusside reagent (13, 17). 

The increase in the excretion of formiminoglutamic acid was 
observed in the folic acid-deficient rats, even though the dietary 
intake (and consequently the histidine intake) was considerably 
less in these rats than in the folic acid-supplemented rats. On 
the 38th day, for example, the folic acid-deficient rats consumed 
an average of 3 gm. of food per rat (calculated histidine content 
(18), 100 wmoles per day), whereas the folic acid-supplemented 
rats consumed an average of 9 gm. of food per rat (calculated 
histidine content, 300 ymoles per day). 


? Personal communication. 
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dars ON DIET 

Fie. I. Urinary excretion of formic acid and formiminoglu- 
tamie acid during the development of a folic acid deficiency. 0. 
rats on the deficient diet; O, rats supplemented with folic acid. 
Each point represents the average value from a group of six 
rats. In the folic acid-deficient group, three rute died, on the 
Muh, dist, and 42nd days, respectively; the sub<equent points 
represent the excretion data and weight« of the survivors. 

A, no histidine administered. The range (micromoles) for 
formiminoglutamic acid excretion in folic acid-deficient rats was 
0.09 to 0.6 (7th day), 0.6 to 2.2 (14th day), 1.0 to 3.1 (2I«t day), 
3.6 to 16.5 (28th day), 12.0 to 20.8 (35th day), and 12.1 to 66.5 (41st 
day). 

Beginning at the point represented by |, each rat in the de 
ficient’ group received 0.25 Ame of folic acid by mouth each day. 
The dietary intake was restricted to that selected by the rat before 
supplementation. 

B, the rate and experimental conditions the «ame, except for 
the administration of histidine ( wmoles) by stomach tube to 
each rat immediately prior to the urinary collection period. 

Exeretion of formiminoglutamic acid in the folie acid supple- 
mented rate after the administration of histidine averaged 0.6 
smole, with a range of 0.06 to 3.0 molle. The range (micromoles) 
in the folie acid-deficient group was 0.1 to 3.0 ard day), 1.45 to 
64 (10th day), 1.5 to 10.5 (17th day), 13.1 to 25.7 (24th day), 6.0 
to 30.0 (liest day), and 8.9 to 76.3 (38th day). 


The exeretion of formic acid in folic acid-deficient rats rose 
from a normal value of 1.5 wmoles to a value of 49 wmoles per 7 
hour collection period. The inerease in the exeretion of formic 
acid preceded the increase in the excretion of formiminoglutamic 
acid. After supplementation with folic acid the exeretion of 
formic acid decreased to 1.5 pmoles. No decrease in either the 
formiminoglutamic or the formie acid level was found in com- 
parable experiments after the administration of vitamin By». 
The assays for formic acid in representative urinary samples 
were confirmed by lyophilization after acidification with H,SO, 
and by recovery of the formic acid in the sublimate. 

The administration of histidine caused a large increase in the 
excretion of formiminoglutamic acid, but not of formic acid 
(Fig. 1B, Table 1). The increase in exeretion of formimino- 


glutamic acid was particularly marked in the folic acid-deficient 
group, even when only small quantities of histidine were ad- 
ministered ; large increases in the excretion of formiminoglutamic 
acid (30 to 90 umoles) were found in normal rats only when very 
large doses of histidine (400 ymoles) were administered. The 
increase in exeretion of formiminoglutamic acid without any 


increase in excretion of the free formic acid indicated that the 
free formic acid found in the urine of folic acid-deficient rats did 
not arise from histidine or from formiminoglutamic acid. The 
origin of the formic acid from compounds other than histidine 
was demonstrated definitively by an experiment (Table II) in 
which 50 ymoles of 1-histidine, labeled with C in position 2 
of the imidazole ring (specific activity, 8000 ¢.p.m. per umole), 
were administered by stomach tube to a folic acid-deficient rat. 
During the standard 7 hour collection period, 68.5 umoles of 
formimino-t-glutamic acid were excreted, with a specific activity 
of 3300 ¢.p.m. per umole. 49 wmoles of formic acid were excre- 
ted, with essentially no (less than 0.5 per cent) radioactivity. 
DISCUSSION 

Possible Sources of Urinary Formic Acid in Folie Acid Defi- 
ciency—The increased excretion of formiminoglutamic acid in 
folic acid-deficient rats can be explained by the demonstration 
that tetrahydrofolic acid is required for the further metabolism 


Taste I 
Urinary excretion of formiminoglutamic and formic 
acids after histidine administration 


| Folic acid deficient rats“ Normal rats“ 
̃ acid | Formic acid 
0 5.3 36.5 0.05 1.87 
21.7 31.0 0.53 1.97 
a0 0.61 2.06 
400 Iso) 39.8 so 


* The diet and other conditions in the experiment were essen- 
tially the same as those described in Fig. 1. Six rats (Sprague- 
Dawley strain, average weight, 95 gm.) were used after they had 
received a folie acid-deficient diet for 23 days. Urine was then 
collected for 7 hours in order to obtain the data for formimino- 
glutamic and formic acid excretion in the absence of histidine ad- 
ministration. On the jollowing day, three of these rats received 
100 pmoles of histidine by stomach tube; the remaining three 
rats received 400 pmoles of histidine. The urine was again col- 
lected for 7 hours. All values are expressed as the average ex- 
cretion per rat. 

t Female rats (Sprague-Dawley «strain, average weight, 75 
gm.) on a folie acid-supplemented stock diet. Each value repre- 
sents the average excretion for three rats. 

Additional data were obtained in two other experiments with 
normal rats. In one experiment, six weanling Sprague-Dawley 
female rats were fed a purified diet without succinylsulfathia- 
zole; in addition, 0.25 wmole of folie acid was administered by 
oral pipette three times weekly. After 35 days (average weight, 
130 gm.), the formiminoglutamie acid and formic acid in the 
urine, collected over a 7 hour period, averaged 0.13 mole (range 
0.01 to 0.27 mole and 1.89 wmoles, respectively. No data were 
obtained in this group after histidine administration. 

In another experiment, five Sprague-Dawley weanling rats 
were fed the succinylsulfathiazole-containing diet, but received 

a folie acid supplement (0.25 mole by oral pipette once each 
eer After 43 days (average weight, 121 gm.), the rats were 
divided into three groups. Each group received either 0, 200, 
or 400 umoles of histidine by stomach tube. The formiminoglu- 
tamie acid excretion over a 7 hour period averaged 0.21, 8.8, and 
36.5 moles, respectively. 
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TABLE II 
Distribution of C in urinary formiminoglutamic and formic acids 
after administration of histidine (imidazole-2-C") toa 


folic acid-deficient rat 
activity 
| 
Histidine-C" administer 580 407, 0% — 
Urinary formiminoglutamic acidt.... 68.5 226,000 
Urinary formic acidf................ 1 22,000 840 


* 50 umoles of L-histidine, labeled with C in position 2 of the 
imidazole ring, were administered by stomach tube in a volume 
of 1 ml. to a folie acid-deficient rat (53rd day of deficient diet; 
weight of rat, 90 gm.). 5 ml. of isotonic saline were adminis- 
tered intraperitoneally. Urine was collected for 7 hours. 

The urine was assayed for formic acid enzymatically; this 
determination was confirmed by analysis of the distillate after 
addition of acid to the urine and lyophilization. The distillate, 
after neutralization, was also assayed for radioactivity. 

Urinary formiminoglutamic acid was determined enzymati- 
cally. To determine the C content of the formiminoglutamic 
acid, an aliquot of urine was subjected to alkaline hydrolysis (13); 
after acidification, the formic acid was distilled (by lyophiliza- 
tion), and the neutralized distillate was assayed for radioactivity. 
These results were confirmed by similar assays after chromatog- 
raphy on Dowex-1 acetate. 
of this compound in vitro. Thus, in folic acid deficiency, 
formiminoglutamic acid accumulates, and is excreted in the 
urine. The explanation for the increased excretion of formic 
acid in folic acid deficiency, on the other hand, is not so obvious; 
it can be postulated, however, that formic acid is constantly 
being formed in the normal animal, not only by pathways 
involving tetrahydrofolic acid, but by hydrolytic and oxidative 
reactions that do not require folic acid cofactors. In the normal 
animal, this formic acid is largely metabolized further, and only 
a small amount is excreted in the urine (19). In the folic acid- 
deficient animal, on the other hand, as will be discussed below, 
formic acid is metabolized poorly, and is excreted in the urine. 

Possible reactions that might lead to formic acid without 
involving folic acid cofactors are suggested by the experiments 
of MacKenzie (20) and of Weinhouse and Friedmann (21). 
MacKenzie (20) demonstrated that urinary formic acid was 
increased after the administration of sarcosine. This study was 
extended by Weinhouse and Friedmann (21), who administered 
methionine-C"H;, choline-C"H,, and sarcosine-C"H, together 
with large quantities of sodium formate in a “trapping” experi- 
ment in vivo. The radioactivity recovered in the formic acid 
excreted was markedly increased in folic acid<deficient rats. 
These studies are consistent with the fact that in various enzy- 
matic studies folic acid cofactors have not been demonstrated 
as a requirement for the formation of formaldehyde from choline, 
dimethylglycine, or sarcosine (20), or in the oxidation of formalde- 
hyde to formic acid (22). 

The studies of Knox and Mehler (23, 24) on the enzymatic 
degradation of tryptophan to formie acid and kynurenine 
indicate another metabolic reaction in which formic acid might 
be formed without the participation of folie acid, since no folic 
acid cofactor has as yet been demonstrated for these enzymes. 
We have recently tested this postulation in vivo, and, as indicated 
in Table III, the administration of tryptophan led to an increase 
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in the level of urinary formic acid. This increase was much 
greater in folic acid-Aeficient rats than in the folic acid-supple- 
mented group. 

Effect of Folic Acid Deficiency on Metabolism of Formic Acid 
in Vivo—The effect of folic acid deficiency on the metabolism 
of formic acid in vivo has been shown by Plaut et al. (25) and 


TABLE III 
Urinary excretion of formic acid after 
administration of tryptophan 
| Urinary excretion of formic acid 
L-tryptophan administered | — 
| Folic acid-deficient rats*t | Normal rats 
pmole: pmoles 
0 38.6 1.9 
200§ 126 6.4 
400§ | 182 38.0 


* The diet and conditions in the experiment were essentially 
the same as those described in Fig. 1. Six rats (average weight, 
100 gm.) were used after they had received a folic acid-deficient 
diet for 28 days. The experiment was repeated 3 days later, 
and the values presented represent the average of both experi- 
ments. 

The urinary samples were also analyzed for formiminoglu- 
tamic acid. After 0, 200, and 400 moles of tryptophan, the 
urine contained 12.5, 20.1, and 10.5 wmoles of formiminoglutamie 
acid, respectively. 

: The normal diet used in these experiments was exsentially 
the same as the folic acid-deficient diet, except for the omission 
of succinyleulfathiazole. Each rat received an oral supplement 
of 0.25 Amole of folic acid three times weekly. Each figure rep- 
resents the average value from a group of three to six rats. 

§ Administered as a 0.2 M suspension in 2 per cent gum arabic. 


TABLE IV 
Urinary formate-C™ after administration of 
formate-C intraperitoneally — 


— 


Counts recovered in 9 formate? 
Formate Ce administered ; 
Folic acid-deticient ratsg . — 
pmole: % 
1.5 
100 | 63 8 
| 45 


* Each rat received 800,000 ¢.p.m. of sodium formate-C™, di- 
luted with sufficient nonradioactive sodium formate (0.1 u solu- 
tion) to give the dose indicated. The volume was adjusted to 6 
ml. with 0.15 « NaCl and injected intraperitoneally. Each fig 
ure represents the average value from a group of three to «ix 
rats. 

ber cent of administered counts. 

: The diet and urinary collection period (7 hours) were the 
same ax those described in Fig. 1. The rate (average weight, 


100 gm.) had been fed the succinyl«ulfathiazole-containing diet 
for 31 days before this experiment was carried out. 

§ The diet for this group was the «ame as that used in the 
folic acid-deficient group, except for the omission of succinyl- 
sulfathiazole. Each rat received 0.25 male of folic acid orally 
three times weekly. The average weight at the time of the ex- 
periment was 95 gm. 
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Friedmann et al. (26), who demonstrated a marked decrease in 
the respiratory CO, excreted after the administration of formic 
acid-C™ to folic acid-deficient rats. Friedmann et al. (26) were 
unable, however, to demonstrate an effect of folic acid deficiency 
on the urinary excretion of formic acid-C". This was pre- 
sumably because of the large amount of formic acid (2000 umoles) 
administered in their experiments; with smaller doses we have 
been able to show a marked increase in the urinary formic acid-C™ 
of folic acid-leficient rats (Table IV). 

The data presented in this paper on the accumulation of formic 
acid in folic acid-deficient rats and on the rapid metabolism of 
administered formic acid-C in the presence of folic acid indicate 
a large turnover of formic acid in riro in normal rats. 

SUMMARY 

The urinary excretion of formiminoglutamic acid and of 

formic acid was quantitatively followed during the development 


J. C. Rabinowitz and Ii. Tabor 


of a folie acid deficiency in rats. In addition to the previously 
reported increase in the excretion of formiminoglutamic acid, 
there was a marked increase in the excretion of formic acid. 

The role of histidine as a precursor of formiminoglutamic acid 
was confirmed. Histidine, however, was not a precursor of the 
urinary formic acid in the folic acid-deficient rats. The adminis- 
tration of tryptophan, on the other hand, resulted in an increased 
excretion of formic acid, with essentially no change in the excre- 
tion of formiminoglutamic acid. 

Formic acid can be produced from tryptophan and other 
precursors by metabolic reactions that do not require folie acid. 
In the absence of folic acid, the formic acid is metabolized 
poorly and is excreted in the urine. 
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equirements for the Action of ACTH 
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It was shown by Saffran and his coworkers that sectioned rat 
adrenals will respond to ACTH! in vitro with an increase in 
production of corticosteroids. The sensitivity of the tissue to 
added ACTH was greatly increased by a preincubation of the 
tissue in the absence of ACTH, followed by an incubation with 
fresh medium plus ACTH (1, 2). The medium was then ana- 
lyzed for corticosteroids (3). By the use of cow adrenal slices 
Haynes and Berthet (4) showed that the response to ACTH was 
due to a synthesis of corticosteroids and not merely a release 


n. 
The role of some of the constituents of the incubation medium 
have been investigated. A requirement for the presence of 
calcium has been reported by Birmingham et al. (5), and Schön- 
baum et al. (6) have shown an enhanced formation of corticoster- 
oids under the stimulation of ACTH in he presence of glucose. 
In the present paper a study has been made to establish the basic 
requirements that are needed to evoke a response by adrenal 
tissue to ACTH in vitro, and an attempt has been made to 
determine whether these requirements are involved directly in 
the action of ACTH. 
EXPERIMENTAL 
The analytical procedures used have been described previously 
(7). The ACTH sample used throughout was a crude Armour 
product, Lot ACTHAR-A, blend 2H, assaying 1.39 + 0.12 i.u. 


per mg. (7). 
RESULTS 


It may be seen from the data in Table I that those require- 
ments for the various ions of Krebs-Ringer buffer for the stimu- 
lation by ACTH in vitro of corticoid output by rat adrenal 
glands are not apparent if the tissue is preincubated in KRB- 
glucose in the usual way. Preincubation in KRB-glucose 
apparently results in intratissue concentrations of the various 
ions sufficiently high so that subsequent incubation in only 
saline-bicarbonate-glucose gives almost as great a response to 
ACTH as final incubation in KRB-glucose. However, if the 
preincubation is carried out in saline-bicarbonate, ACTH stimu- 


* This work was supported in part by research grants from the 
National Science Foundation, (No. G-1448), the Massachusetts 
Division of the American Cancer Society, and the United States 
Atomic Energy Commission, Contract No. AT(30-1)-918. 

The abbreviations used are: ACTH, adrenocorticotropic 
hormone (corticotropin); KRB-glucose, Krebs-Ringer bicarbon- 
ate-glucose medium. 


lation of corticoid output now shows a requirement for KRB- 
glucose in the final incubation. From the various ionic species 
present in KRB-glucose, MgSO, and NaH,PO, may be omitted 
without affecting the response of the tissue to ACTH. However, 
the omission of KCI or CaC}, results in a drop in corticoid output 
of about 40 per cent (Experiment 1, Table Il). The data of 
Experiment 2, Table II, indicate that the combination of KCI 
and CaCl, at the concentrations found in KRB-glucose can 
substitute for the complete KRB-glucose in supporting ACTH 
stimulation of corticoid output. 

From the data of Experiment 1, Table III, it is seen that by 
increasing the concentration of KCI it is possible to eliminate 
essentially the requirement of CaCl, for ACTH action. The 
addition of a low concentration of CaCl, at these higher con- 
centrations of KC] augments the corticoid output only slightly. 
The addition of MgSO, and NaH,PO, to a medium that contains 
a high concentration of KCI and a low concentration of CaCl, 
results in a further small increment in the corticoid output. 
An increase in the concentration of CaCl, in the absence of 
KCI also results in an increase in corticoid output in the presence 
of ACTH (Experiment 2, Table Ill). 


or with the combination of KCI plus CaCl; at low concentrations. 
High concentrations of KC] or CaCl, in the absence of ACTH 
have little effect on corticoid output. 

It is apparent from the data of Table IV that RbCl can re- 
place KCl completely. However, in the synergistic action of 
low concentrations of KC] plus CaCl, on corticoid output in the 
presence of ACTH, the Ca** ion cannot be replaced by Mn**, 
Mg** or Ba**, whereas it can be largely replaced by Sr** (Table 
V). 

The question presents itself as to whether or not the potassium 
or calcium requirements are specific for ACTH action in vitro 
or whether these requirements reflect the metabolic events 
necessary for corticoid production under ACTH influence but 
which are not immediately involved in ACTH action. In 
order to test these possibilities, use was made of the fact that in 
this system the incorporation of glycine-1-C™ into adrenal 
proteins proceeds independently of the stimulation by ACTH 
of corticoid output (7). The data in Table VI. Experiment 1, 
show a parallel activity between the stimulation by ACTH of 
corticoid output and the incorporation of glycine-1-C" into ad- 
renal protein in which both are a function of the concentration of 
KCl. On the other hand, the stimulation by CaCl, of ACTH 
activity proceeds with little apparent relationship to the im 
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Taste I 
Effect of saline preincubation on subsequent ionic requirements 
Jor response of rat adrenal glands in vitro to ACTH 

Preincubations were carried out either in 2.0 ml. of Krebs 
Ringer bicarbonate buffer containing 200 mg. per 100 ml. of 
glucose (KRB-glucose) or in 2.0 ml. of saline containing the same 
concentration of bicarbonate as the KRB (NaCl-NaHCO,). f- 
ter the preincubation medium was removed, 1.6 ml. of the final 
incubation medium plus saline, or other additions, to a final vol- 
ume of 2.0 ml. were added. All incubations were carried out for 
1.0 hour at 38° in 95 per cent 02:5 per cent CO, in a Dubnoff 
metabolic incubator. Incubations were run in duplicate and the 
results are expressed as the mean + the variation from the mean. 

Lot ACTHAR-A ACTH (7) was used at a concentration of 50 
milliunits per ml. Corticoid output is expressed as micrograms 
of cortisol per 100 mg. wet weight of adrenal tissue. 


Preincube tion | Final incubation Corticoid output 
NaCl-NaHCO, | KRB- glucose 3.0 + 0.04 
NaCl-NaHCO, KRB-glucose + ACTH 19.5 + 1.4 
NaCl-NaHCO, NaCl-NaHCO,-glucose 4.8 + 0.30 
NaCl-NaHCO, NaCl-NaHCO,-glucose + 3.814 + 0.24 

Arn 
KRB- glucose KRB-glucose 6.86 + 0.85 
KRB-glucose KRB-glucose + ACTH 26.8 + 0.10 
KRB- glucose NaCl-NaHCO,-glucose 7.0 + 0.40 
KRB-glucose NaCl-NaHCO,-glucose + 214 * 0.5 
| ACTH 
Tant Il 


Cationic requirements for response of rat adrenal to ACTH in 
vitro after preincubation in saline 

Preineubation: 1.0 hour in 2.0 ml. saline-bicarbonate; final in- 
cubation: 1.0 hour in a medium containing 40 smoles NaHCO,, 200 
mg. per 100 ml. of glucose plus saline or other additions to a final 
volume of 2.0 ml. The complete system contained 44 smoles 
CaCl», 7.7 smoles KCl, 1.54 smoles MgSO, and 1.54 smoles NaH ;- 
PU, In Experiment 2 the KRB-glucose replaced the saline-bi- 
carbonate. Lot ACTHAR-A ACTH was present at 30 milliunits 


per ml 
. Addition Corticoid output 
U None 4.58 + 0.30 
ACTH 5.66 + 1.06 
ACTH + complete system 17.0 4 1.9 
ACTH + complete «system minus CaCl, 11.0 + 0.7 
ACTH + complete system minus MgSO, 18.7 + 0.1 
ACTH + complete system minus 19.5 + 0.2 
NaH .PO, 
_ ACTH + complete system minus KCl | 10.5 + 1.9 
2 None 5.56 + 0.79 
| ACTH + KCI + CaCl, 18.6 + 1.4 
_ ACTH + KRB-glucose 18.1 + 1.4 


corporation process of glycine-1-C™. It would appear that the 
requirement for KCI is one that is not necessarily specific for 
ACTH action whereas the requirement for CaCl, may be a more 
direct one. 

In the experiments described, glucose was added routinely to 
the final incubation medium. Results of experiments devised to 


explore the role of glucose in the stimulation of corticoid output 
by ACTH are presented in Table VII. It may be seen that 
there is a requirement for glucose but that the importance of 
this requirement is a function of the conditions for preincubation. 
The specific activity data indicate that the requirement for 


Taste III 
Effect of various concentrations of KCl and CaCl; on response 
of rat adrenal to ACTH in vitro 
Preincubation and final incubation were the same as those in 
Table II. ACTH was present at 250 milliunits per ml. in Experi- 
ment 1 and at 30 milliunits per ml. in Experiment 2. 


Experiment No. 1 | Experiment No. 2 
| | 
— 
— 4.234017 - 3.17 + 0.66 
+ : 3.8 18.0 * 2.0 + 6.40 + 0.33 
＋ 3.85 2.2 23.2 & 2.4 — 3.8 2.2 15.9 
+ | 30.8 2.0 & 2.4 — 46.2 3.40 + 0.21 
+ 2.2 267402 +) 46.2 15.4 
+ | 61.6 2.0 & 0. 1 44.0 | 4.28 + 0.52 
+ 61.6 2.2 280.0 K 08 | + 44.0 12.7 & 0.1 
+ 61.6 2.2 30. K 0.1 55.0 11.3 


*MgSO, and NaH.PO, were present here at 7.7 X 10 final 
concentration. 


IV 
Ability of RbCl to replace KCl in response of 
rat adrenal to ACTH in vitro 


Preincubation and final incubation were the same as those in 
Table II. 


KCI x CaCh x x 
m | Corticoid output 
— 
ml 
5.81 + 0.85 
250 3.8 2.2 24.2 + 0.7 
250 61.6 | | 25.1 + 1.0 
250 1 3.8 25.0 + 0.5 
250 61.6 25.4 + 0.1 
Taste V 


Effect of some divalent cations in combination with KCI on response 


of rat adrenal to ACTH in vitro 
Preincubation and final incubation were the same as those in 


Table II. ACTH was present at 250 milliunits per ml. KCl was 
present at 3.8 X 10-* u final concentration, the other chlorides 
were present at 22 X 10 u final concentration, and the sulfates 
were present at 2.3 Xx 10 u final concentration. 


Addition 13 

| 3.78 + 0.50 

ACTH ' 9.29 + 0.31 
ACTH KCL 14.8 + 0.6 
ACTH KCL | CaCh 2.1 4 0.8 
ACTH KCL Mnso, 13.0 + 0.2 
ACTH Mg8x 12.3 + 0.9 
18.0 + 2.0 
13.3 + 1.0 
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Taste VI 


Relation of corticoid output and incorporation of glycine-1-C™ into adrenal proteins to concentration of KCI and CaCl, during ACTH 
stimulation of rat adrenals in vitro 


Preincubation and final incubation were carried out in the same manner as those in Table II. 


In the final incubation, 3.0 smoles 


of glycine-1-C" containing about 370,000 c.p.m. were present. ACTH was present at 50 milliunits per ml. 


Experiment No. 1 Experiment No. 2 

ACTH KCI X 10m Cc X 1% Corticoid output Specific activity CaCh X 10% Corticoid output Specific activity 
5.08 + 0.14 70+ 12 4.41 + 0.30 127 * 2 
+ 3.8 2.2 17.5 + 0.9 2413 | 6.04 & 0.06 4 + 8 

+ 3.8 11.5 + 0.4 4 4 2 3.8 2.2 136.8 + 0.6 746 + 100 
+ 7.7 11.1 + 1.0 4451 2.2 | 8.51 & 1.21 158 + 3 
+ 15.4 14.3 + 0.8 604 + 33 11. 0 10.2 & 1.7 227 + 44 
+ 30.8 17.5 705 + 10 2.0 10.8 + 1.2 226 + 19 
+ 61.6 15.4 215 773 * 76 44.0 | 12.5 + 0.6 182 + 25 
+ 123.0 10.5 +14 = 488 + 33 88.0 8.23 + 0.13 68 + 26 

TABLE VII 


Effect of various preincubation conditions on subsequent requirements for glucose for ACTH action and for glycine-1-C™ 
incorporation into adrenal proteins in vitro 
Preincubation: 1.0 hour in 1.6 ml. saline-bicarbonate plus saline or the indicated additions to a final volume of 2.0 ml. Glucose was 


present at 1.6 mg. per ml., KCl was present at 3.8 X 10 M, and CaCl, was present at 2.2 X 10 m final concentration. 
Final incubation: 1.0 hour in a medium that contained 1.6 ml. saline-bicarbonate, 4.4 mole- CaCl,, 7.7 mole- KCI, 100 milliunits 


ACTH, 3.0 umoles glycine-1-C" containing about 37,000 c.p.m., 3.2 mg. glucose where indicated, and saline to a final volume of 2.0 ml. 


| Final incubation 
Preincubation Corticoid output Specific activity 
No glucose | + glucose | % change | No glucose + glucose I change 

9.41 + 0.29 15.3 * 10 62 402 + 60 752 + 5 87 
Glucose 12.1 4 1.3 9341.0 | % | 580+ 8 879 + 10 52 
KCl + CaCl, 14.1 * 0.9 22.8 & 0. 2 62 804 + 124 1330 4 60 65 
KCl + CaCl; + glucose 17.5 0.5 23215 27 | 970 + 30 310+ 10 23 


— — 


VIII 
Separation by paper chromatography of materials which react with 
blue tetrazolium (BT) and which are synthesized in vitro under 
influence of ACTH in presence of KCl or KCl plus CaCl, 
Preincubation and final incubation were the same as those in 
Table II except that the final incubation was for 2.0 hours. 


j 


| BT values of eluted spots as 
— Total output cortisol 
| ACTH 
| 20 61.6 3.27 | 36.6 30.9 
| 61.6 250 57.9 3.71 42.0 45.7 
2 3.8 2.2 2 44.8 2.½ 29.9 22.3 
3.8 2.2 11.1 | 0.98 6.88 7.8 


* EAL spot = presumably a mintuse of aidestesene end — 
sone (11); B spot = corticosterone (7). 


glucose is probably not specific for ACTH action, and it is 
similar to the requirement for KCI in this respect. It is to be 
noted that the conditions which preserve the metabolic integrity 


of the tissue as reflected by the incorporation of glycine-1-C™ into 
proteins also result in a greater absolute corticoid output. 

The contents of several incubation flasks were pooled in order 
to obtain enough material for identification by paper chromatog- 
raphy of the corticoids formed. The data of Table VIII indi- 
cate that the analytical method used was, indeed, the measure- 
ment of corticoids produced under the conditions used. The 
analytical aspects have been more fully treated by other investi- 
gators (3, 8). In a previous study, the presence of cortisol in 
small amounts was tentatively established (7). Further at- 
tempts to obtain enough of the material with the mobility of 
cortisol for positive identification have not been successful, and 
the identification of the material at this zone is unknown at 
present. 


DISCUSSION 


The data presented indicate that of the constituents present 
in KRB-glucose, MgSO, and NaH,PO, may be omitted without 
impairing the response of adrenal tissue to ACTH in vitro under 
the conditions described. The dispensibility of these substances 
cannot be interpreted to indicate that there is no requirement 
for them. A more likely interpretation is that the conditions of 
preincubation used do not deplete the tissue of these substances 
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to the extent that they must be added to in the final incubation. 
That this interpretation is probably correct may be seen from 
the data of Experiment 1 of Table III. At high and low con- 
centrations of potassium and calcium, respectively, the addition 
of magnesium and phosphate results in a further small increase in 


Thus, calcium and potassium, when present at the concen- 
trations found in KRB-glucose, make possible a response to 
ACTH equal to that obtained with the complete KRB-glucose. 
If the concentration of potassium is increased, the requirement 
for calcium is no longer present. The need for both potassium 
and calcium when they are present at their concentrations of 
KRB-glucose may perhaps be explained by a stimulation of the 
entry of potassium into the tissue by calcium. Calcium has 
been observed to accelerate the accumulation of potassium by 
excised barley roots (9, 10). This stimulation would not be 
apparent at high concentrations of potassium. An explanation 
for the results with high concentrations of calcium is not evident. 
When tissue is preincubated in saline-bicarbonate, a high 
concentration of KCl, glucose, and, presumably, NaC! is re- 
quired in the final bicarbonate buffered medium in order to show 
a response to ACTH comparable to that obtained in the pres- 
ence of KRB-glucose. Under the same conditions, the in- 
corporation of glycine-1-C" into the proteins of rat adrenal 
tissue is also dependent on KCl, glucose, and NaCl. Since it 
has been shown previously that the incorporation of glycine-1-C™ 
in vitro into adrenal proteins proceeds independently of the 
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stimulation of corticoid output by ACTH in the same tissue 
(7), it would follow that ACTH does not act on rat adrenal 
tissue, in vitro, by controlling the entry of any of these substances 
into the adrenal gland. Thus, it would be reasonable to assume 
that ACTH must act at intracellular sites. However, these 
considerations do not exclude an ACTH action on transport if 
the action resulted in the extrusion of a substance such as an 
inhibitor of corticosteroid bi thesi 

SUMMARY 

Sectioned rat adrenal glands, preincubated in saline-bicarbo- 
nate, require KCl, CaCl, and, glucose in the final incubation 
medium in order to give a response to adrenocorticotropic hor- 
mone (ACTH) equal to that obtained with a Krebs-Ringer-glu- 
cose medium. Rubidium can replace the potassium. Stron- 
tium, but not Mg**, Mn** or Ba**, can replace the Ca. If 
the concentration of K* is increased the need for Ca** is elim- 
inated. When the concentrations of Ca** are increased there is 
also a response in the absence of K*, but it is not equal to that 
obtained in the presence of K*. 

By use of the incorporation of glycine-1-C™ in ritro into ad- 
renal proteins as a measurement of metabolic systems not affected 
by the concentrations of ACTH that were used, it is concluded 
that the requirements of potassium and glucose for ACTH action 
are probably not specific. The requirement for calcium may be 
more directly involved in ACTH action. 

The data are interpreted to indicate that ACTH does not 
exert its effect by controlling the rate of entry into the tissue of 
any of the substances present in the medium. 
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ASTRUP METHOD 


Blood pH can now serve a more useful clinical 
or research function with the new, Danish 
developed, Astrup apparatus — using as an in- 
dicator Radiometer’s Model 22 PH meter. 


Dr. Astrup’s method provides for separate 
determinations of pH, pCO2z and a resultant 
determination of bicarbonate concentration. The 
greatest merit in this method is its function of 
classifying and analyzing the anomalies of the 
acido-basic balance of the blood; and the speed 
and accuracy with which these determinations 
can be made anaerobically. 


The equipment provides combined glasscalo- 
mel electrodes built into the measuring chamber, 
with an enclosing jacket to provide temperature 
control by water thermostat. 


Provision is also made for introducing the 
samples, buffers, etc., with ease and speed; as 
well as presenting CO: of known partial pressure 
for the pCO: determination. 


Associated with this equipment, the Radio- 
meter PH22 instrument, with a special, external 
type, mirror scale meter provides a direct reading 
accuracy as low as + 0.01 pH, reproducible to 
.002 pH with high stability and low drift. 
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pleural effusions, ond other exudates and tronsudotes; brine; 
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. ing concentration of free silver ion 
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runs as silver ions ore generated. dispensing pipette-buret, send for Bulletin 44-2000. 
: Since the rate of generation of silver 
ne tont, the 1 of chlorid DELIVERY: 30 days from date of order 
precipitated is proportional to the 
elapsed time. 
ACCURACY 
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SENSITIVITY 
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SAMPLE SIZE 
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The modern laboratory illustrated above is the most complete 
Separate Nuclear-Chicago instruments have been combined 
into specialized counting and recording systems for scanning 
paper radiochromatograms, for assay of liquid or solid gamma 
emitting samples, for low level counting of carbon-14 and tri · 


complete new instrumentation for 
biochemical research with radioisotopes 


Laborstory cabsnets courtesy of Chucago Apparatus Company 


tium, for automatic sample handling and counting. Each of 
these systems offers the maximum in accuracy and automaticity, 
is designed for integration with other biological techniques. and 
is built to maintain the traditional high standards of quality 
and reliability of all Nuclear · Chicago products. Our representa- 
tives will be happy to discuss your particular needs with you. 
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wide variety of proliferating cells. It is, therefore, an ideal carrier for introducing 

radioactivity into cells. Because tritiated Thymidine has a stable radioactive label, 
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